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Chapter  1 
INTRODUCTION 
The  back log  o f  logging  s lash  f rom harvest  cut t ing  in  the  Nor thwest  
is  increas ing  a t  a  ra te  which  is  not  conducive  to  f i re  safe ty  or  good 
management .  Ex tens ive  f ie lds  o f  dry  s lash  present  an  obv ious  f i re  hazard .  
I f  s lash  is  not  proper ly  t rea ted ,  i t  becomes a  more  or  less  permanent  
fea ture  o f  the  s i te ,  making  access  d i f f icu l t  and a l te r ing  the  pat tern  o f  
regenera t  i  on .  
F i re  cont ro l  is  near ly  imposs ib le  in  heavy  s lash ,  and rep lant ing  
is  d i f f icu l t .  I f  p lant ing  is  accompl ished wi thout  s lash  t rea tment ,  there  
is  the  r isk  that  a  f i re  could  wipe  out  the  young t rees  i f  the  s lash  were  
acc identa l ly  ign i ted .  Logging  debr is  is  es thet ica l ly  d isp leas ing  in  an  
age  when there  is  s t rong publ ic  emphasis  upon keeping  the  forests  
beaut i fu l  as  we l l  as  product ive .  S lash  needs  to  be  t rea ted  to  make  way  
for  browse spec ies  for  game an imals  and to  remove impediments  to  the  
an imals '  movemftnt -= ;  P rescr ibed  f i re  is  wide ly  employed as  an  aconomica l ,  
e f fec t ive  means o f  reduc ing  s lash  on c learcuts  to  acceptab le  leve ls .  
The  growing accumula t ion  o f  unt reated  s lash  d ic ta tes  the  need for  
increased use  o f  f i re  in  the  fu ture  to  keep f i re  hazards  to  a  min imum and 
to  re turn  logged s i tes  to  product ion  as  qu ick ly  and cheaply  as  poss ib le .  
There  is  an  increas ing  and jus t i f ied  concern  over  the  e f fec t  o f  
prescr ibed  burn ing  on  a i r  qua l i ty .  Burn ing  o f  logging  debr is  has  
here to fore  been per formed dur ing  a  shor t  per iod  each autumn a f te r  the  
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f i re  season and occas iona l ly  for  a  shor t  t ime in  spr ing .  Th is  pat tern  
o f  burn ing ,  whi le  sa fe  f rom a  cont ro l  s tandpoint ,  produces  la rge  
quant i t ies  o f  smoke dur ing  shor t  per iods  o f  the  year  when the  a tmosphere  
is  least  capable  o f  d ispers ing  smoke.^  The  resu l t  has  o f ten  been a  
loca l ly  overburdened a tmosphere  where  v is ib i l i ty  is  impeded and the  
qua l i ty  o f  the  env i ronment  is  degraded.  
I t  is  a lmost  inev i tab le  that  an  acc identa l  w i ld f i re  w i l l  
eventua l ly  consume s lash  that  is  not  burned in tent iona l ly .  There fore ,  
i f  we have  as  a  s ta ted  goa l  the  min imiza t ion  o f  a i r  po l lu t ion ,  i t  is  
on ly  log ica l  to  p ick  the  best  t imes  and condi t ions  for  burn ing  which  
assures  the  least  impact  on  a i r  qua l i ty .  
Given  that  logging  debr is  is  to  be  burned,  i t  should  be  the  
concern  o f  land  managers  to  create  as  l i t t le  a i r  po l lu t ion  as  poss ib le  
f rom p lanned f i res .  Here in  l i es  the  need for  a  method o f  pred ic t ing ,  on  
the  bas is  o f  preburn  measurements ,  the  probable  behav ior  o f  the  smoke 
p lume.  Such a  pred ic t ion  would  be  a  very  usefu l  too l  in  a i r  po l lu t ion  
cont ro l .  
^Howard  E .  Graham and Owen P .  Cramer .  Meteoro log ica l  manage­
ment  o f  s lash  burn ing  opera t ions  (Graham);  Atmosphere- -s1  ash  smoke 
in ter re la t ions  (Cramer ) .  (Jo in t  paper  presented  a t  the  AMS-SAF Nat .  
Conf .  on  F i re  and Forest  Meteoro l . ,  Sa l t  Lake  C i ty ,  Utah ,  March  14 ,  1968 . )  
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THE PROBLEM 
Prescr ibed  f i re  is  wide ly  employed as  a  s i1v icu1tura1  too l  to  
consume waste  mater ia ls  and to  prepare  logged s i tes  for  re foresta t ion .  
The  use  o f  f i re  for  d isposa l  o f  s lash  has  increased in  Region  1 o f  the  
USDA Forest  Serv ice  by  near ly  tenfo ld  in  the  las t  15  years ,  and there  
is  a  need for  acce lera ted  use  in  the  fu ture .  The  goa l  is  to  accompl ish  
th is  s lash  t rea tment  and a t  the  same t ime to  avo id  po l lu t ing  the  a i r .  
I t  is  poss ib le  to  separa te  the  prob lem o f  character iz ing  smoke 
d ispersa l  in to  two smal le r  ca tegor ies ,  thanks  to  prev ious  work  in  the  
f ie ld  o f  a i r  po l lu t ion  meteoro logy .  Because  there  has  been much in terest  
in  the  d ispers ion  and d i f fus ion  pat terns  o f  smoke f rom indust r ia l  s tacks ,  
much o f  the  present  knowledge  about  the  movement  o f  smoke assumes the  
source  o f  smoke to  be  above  the  sur face  o f  the  ear th  as  is  the  case  w i th  
smoke s tacks  (Lowry  and Boubel  1967) .  I f  i t  were  poss ib le  to  pred ic t  
the  e levat ion  where  the  ax is  o f  a  f i re  co lumn becomes hor izonta l ,  the  
co lumn could  be  looked upon as  a  cont inuous po in t  source  s imi la r  to  a  
smoke s tack .  Much is  known and can  be  sa id  about  the  movement ,  advect ion ,  
and d i f fus ion  o f  the  smoke f rom th is  po in t  in  t ime and space .  
Accord ing  to  Graham and Cramer ,^  smoke is  composed o f  par t ic les  
that  a re  in  the  aerosol  s ize  c lass  (0 .1  to  1 .0  micron  in  d iameter ) .  
Byram and Jemison (19^8)  repor ted  smoke par t ic les  wi th  a  mean d iameter  o f  
.25  microns .  Graham and Cramer  noted  that  1 .0 -micron  par t ic les  w i l l  fa l l  
^  I  b  i  d .  
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very  s lowly  (3 -5  fee t  per  hour  in  s t i l l  a i r )  and so  w i l l  essent ia l ly  
remain  a t  whatever  leve l  is  reached a t  the  top  o f  the  co lumn.  That  i s ,  
the  par t ic les  w i l l  remain  a t  the  potent ia l  temperature  where  co lumn 
gases  become equa l  to  the  ambient  a i r  temperature .  From that  po in t  in  
space ,  fur ther  smoke movement  w i l l  be  dependent  on  the  pat terns  o f  
isothermal  sur faces ,  wind  condi t ions ,  and lapse  ra tes  ex is t ing  a t  the  
t ime.  One major  prob lem is  that  o f  pred ic t ing  the  he ight  a  smoke co lumn 
w i l l  a t ta in  before  i ts  ax is  becomes hor izonta l .  Th is  s tudy  under takes  
to  so lve  the  prob lem of  descr ib ing  the  probable  he ight  o f  a  s lash  f i re  
smoke co lumn.  
OBJECTIVES 
The  ob ject ive  o f  th is  s tudy  is  to  substant ia te  an  ex is t ing  theory  
or  deve lop  a  new model  fo r  ca lcu la t ing  the  probable  a l t i tude  a  s lash  
f i re  smoke co lumn w i l l  a t ta in .  To  be  usefu l ,  the  model  must  employ  
parameters  or  var iab les  which  a re  rout ine ly  measured  or  a re  read i ly  
avaMabie  to  forest  land  managers .  A l though not  a  s t ipu la t ion  for  
success  o f  the  s tudy ,  i t  would  be  o f  add i t iona l  usefu lness  i f  the  model  
were  one  which  would  lend  i tse l f  to  fa i r ly  easy  ca lcu la t ion  in  the  
f ie ld .  
Chapter  2  
L ITERATURE REVIEW 
There  is  no  dear th  o f  models  to  descr ibe  p lume r ise  above  f i res .  
The  models  tend  to  fa l l  in to  three  genera l  ca tegor ies  or  approaches .  
Phys ic is ts  and engineers  have  added progress ive ly  to  the  body  o f  
knowledge  ca l led  "p lume r ise  theory"  by  employ ing  the  pr inc ip les  o f  
conservat ion  o f  mass ,  momentum,  and  energy .  As  many in f luenc ing  
var iab les  as  poss ib le  a re  accounted  for  whi le  re ta in ing  suf f ic ient  
s impl ic i ty  to  a l low a  so lu t ion  o f  the  resu l t ing  d i f fe rent ia l  equat ions .  
Such an  approach is  the  one  taken  by  Murga i  and  Emmons ( I96O) .  
In  th is  case ,  the  authors  a t tempted  to  take  in to  account  the  e f fec t  o f  
an  a rb i t rary  lapse  ra te  by  cons ider ing  each p iecewise-constant  leg  o f  
the  a tmospher ic  p ro f i le  as  a  separa te  prob lem.  The  f ina l  condi t ions  o f  
one  leg  become the  in i t ia l  condi t ions  for  the  next  and so  on .  Th is  
p iecewise  approach is  perhaps  the  idea l  way  to  exp la in  the  s tep-by-s tep  
o I 110  r-iii 
segments  may be  employed to  account  for  a l te ra t ions  in  the  fac tors  
a f fec t ing  the  r ise  o f  the  gases .  A p iecewise ,  cont inuous ca lcu la t ion  is  
a  sens i t ive  approach in  the  sense  tha t  i t  can  take  in to  account  a  
comple te ly  new se t  o f  condi t ions  for  each segment .  The  summat ion  o f  the  
segments  becomes an  accura te  assessment  o f  the  many fac tors  (and changes  
in  fac tors )  which  ac t  upon the  co lumn as  i t  progresses  upward .  Some 
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quest ions  seem to  remain  unanswered  in  th is  approach,  and the  so lu t ion  
is  not  o f  the  type  which  could  be  eas i ly  handled  in  the  f ie ld  by  land  
managers .  Perhaps  fu ture  breakthroughs w i l l  re f ine  the  technique  enough 
to  make  th is  approach the  best  one  for  un iversa l  app l ica t ion  to  prob lems 
invo lv ing  the  r ise  o f  hot  gases .  To  meet  present  needs ,  we  must  seek  
a  more  immedia te  and expedient  approach.  
A  second approach to  the  deve lopment  o f  a  p lume r ise  model  i s  
the  genera t ion  o f  empi r ica l  equat ions  based on  phys ica l  re la t ionships  
and pr inc ip les .  Th is  approach has  been ex tens ive ly  used to  descr ibe  
p lumes f rom indust r ia l  s tacks .  Some a t tempt  has  been made to  apply  the  
resu l t ing  formulas  to  the  p lumes f rom open f i res .  Lowry^  has  presented  
a  good case  for  us ing  the  Dav idson-Bryant  and Hol land  formulas  to  
ca lcu la te  the  he ight  to  which  a  p lume w i l l  r ise  before  becoming leve l .  
The  formulas  used a re  these:  
where:  
H  =  r ise  o f  a  p lume to  the  leve l  where  i ts  ax is  is  hor izonta l  
(meters )  
r  =  rad ius  o f  a  c i rcu lar  p lume measured  a t  a  he ight  "Z"  meters  
above  the  f i re  (meters )  
^Wi l l iam P .  Lowry .  A  tenta t ive  model  to  es t imate  requi rements  for  
r ise  o f  la rge  smoke p lumes f rom prescr ibed  burn ing .  (Paper  presented  a t  
Pac i f ic  Nor thwest  In ternat iona l  Sect ion ,  A i r  Po l lu t ion  Contro l  Assoc ia t ion ,  
Sa lem,  Oregon,  November  9 ,  1967 . )  
Hoi  1  and  
Dav  idson-Bryant  
t  I  u 
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W =  ver t ica l  speed a t  he ight  "Z"  (M/sec . )  
u  =  grad ient  windspeed (M/sec . )  
C]  =  a  constant  (un i t less)  
B =  d imension  1 ess  buoyancy  (un i t less)  
L  =  ra te  o f  heat  genera t ion  (ca l . /sec . ) .  
These  formulas  have  proven empi r ica l ly  accura te  in  es t imat ing  
the  p lume r ise  f rom indust r ia l  s tacks  (Moses  and St rom I96 I ) .  However ,  
the i r  ex t rapola t ion  to  open f i res  may be  o f  quest ionable  va lue .  The  
grad ient  wind  appears  as  a  denominator  in  both  formulas ,  so  i t  is  
inverse ly  re la ted  to  p lume he ight .  One immedia te ly  recognizes  that  
there  are  severe  l imi ta t ions  on the  usefu lness  o f  these  equat ions .  For  
example ,  any  wind less  s i tua t ion  y ie lds  an  in f in i te ly  h igh  p lume,  which  
is  not  rea l is t ic .  Data  f rom the  Mi l le r  Creek  f i res  were  used in  these  
formulas  as  a  cursory  check  on  the i r  usefu lness ,  and i t  qu ick ly  became 
obv ious  that  r id icu lous  answers  were  resu l t ing .  Most  o f  the  Mi l le r  
Creek  f i res  were  conducted  under  very  s low windspeeds ,  and the  weakness  
o f  us ing  windspeed in  the  denominator  o f  Lne  muucl  was  apparent  
immedia te ly  (see  example  in  Appendix  B ,  page  65 ) .  I t  should  a lso  be  
obv ious  that  condi t ions  in  the  upper  a i r  must  have  some in f luence  on 
the  buoyancy  o f  the  p lume gases  as  they  ga in  a l t i tude .  These  condi t ions  
are  not  accounted  for  by  the  equat ions  as  they  s tand,  but  Lowry '+  has  
suggested  some ways  in  which  the  lapse  ra te  can  be  employed to  modi fy  
the  eauat ions  somewhat .  However ,  the  shor tcomings  o f  the  Dav idson-
I  b  i  d  .  
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Bryant  and Hol land  formulas  a re  suf f ic ient  to  make  them o f  quest ionable  
va lue .  In  add i t ion ,  some o f  the  parameters  ( r ,  L ,  and W)  a re  not  preburn  
measurements ,  a l though Lowry 's  approach overcomes th is  d i f f icu l ty  to  
some ex tent .  
The  th i rd  genera l  type  o f  approach used for  p lume r ise  model  
deve lopment  is  a  s ta t is t ica l  ana lys is  o f  the  re la t ionships  between 
measurab le  f i re  parameters  and the  resu l t ing  co lumn he ight .  In  apply ing  
th is  type  o f  ana lys is ,  the  lessons  learned f rom phys ics  and engineer ing  
approaches  become very  usefu l .  Only  w i th  a  knowledge  o f  what  f i re  
fac tors  exer t  phys ica l  in f luences  and responses  on  o ther  measurab le  
fac tors  can  we hope  to  successfu l ly  formula te  a  dependable  s ta t is t ica l  
re la t ionship  between preburn  measurements  and co lumn he ights .  Wi thout  
these  es tab l ished re la t ionships  one  must  grope  for  assoc ia t ions ,  w i th  
the  a t tendant  r isk  o f  a r r iv ing  a t  nonsense  cor re la t ions .  
The  approach in  th is  s tudy  is  to  f ind ,  through a  mul t ip le  
regress ion  ana lys is ,  a  re la t ionship  between u l t imate  co lumn he ight  and 
Various prsburn msaSLir cmsn ts. ThcPc is Qcn^rai cciTicn L i i I L MC 1 i LC i d Lu 1 
on  what  ent i t ies  in f luence  p lume r ise .  The  choice  o f  independent  var iab les  
for  a  regress ion  ana lys is  must  log ica l ly  re la te  back  to  these  known 
re la t ionships  in  p lume r ise  theory .  Th is  is  necessary  in  order  to  re la te  
known phys ica l  in f luences  to  the  type  o f  f ie ld  measurements  tha t  can  be  
made by  those  expected  to  use  the  resu l t ing  model .  
Chapter  3  
THE STUDY AREA AND SOURCE OF DATA 
The  locat ion  for  the  data -gather ing  por t ion  o f  the  s tudy  was  the  
Mi l le r  Creek  dra inage  on  the  Ta l ly  Lake  D is t r ic t  o f  the  F la thead Nat iona l  
Forest ,  in  F la thead County  o f  Montana .  Exper imenta l  f i res  were  conducted  
on  for ty -one  10-acre  p lo ts  o f  s lash .  The  s lash  was c reated  when a  mature  
to  overmature  la rch- f i r -spruce  s tand was c learcut  in  1966  and 1967 .  
Twenty - two o f  these  f i res  were  suf f ic ient ly  documented  to  prov ide  the  
bas is  for  th is  s tudy .  
The  quant i ty  o f  fue l  on  the  beds  was  qu i te  un i form (wi th in  each 
f i re ) ,  and each burn  s i te  was inventor ied  before  burn ing .  The  depth  o f  
the  par t ia l ly  decayed vegetab le  mat ter  on  the  forest  f loor  (duf f )  was  
measured .  Samples  o f  severa l  s izes  and types  o f  fue ls  were  co l lec ted  pr ior  
to  ign i t ion  for  subsequent  de terminat ion  o f  the i r  mois ture  content .^  
In  addi t ion  to  rout ine  observat ions  o f  temperature ,  humid i ty ,  
TB!  n  f  3  ]  1  ,  2nd v* /  i  nd  s  pe^d (5 - !T ! !nut6  svsr?^?)  ,  s t?nd?rd  •"^d ioso^dp 
were  employed to  record  the  temperature  and humid i ty  o f  the  a tmosphere  
above  each f i re .  By t rack ing  the  rad iosonde ba l loons ,  or  re leas ing  and 
t rack ing  p i lo t  ba l loons ,  w inds-a lo f t  da ta  were  a lso  gathered  a t  f i re  t ime.  
The  measurement  o f  co lumn he ight  was  accompl ished by  observat ions  
f rom an  inst rumented  a i rcra f t  opera ted  by  researchers  f rom Washington  
^Wi l l iam R.  Beaufa i t .  Prescr ibed  f i re  cooperat ive  s tudy  Region  1 -
In termounta in  Forest  and Range Exper iment  S ta t ion .  Study  P lan  No.  
2102-12  on  f i l e  a t  the  Nor thern  Forest  F i re  Laboratory ,  USDA Forest  Serv ice ,  
Missoula ,  Montana ,  1967-
1  
State  Univers i ty .  Among o ther  th ings ,  the  a i rcra f t  prov ided  a l t i tude  
measurements  o f  the  top  o f  the  smoke a t  recorded t imes  dur ing  the  
progress  o f  each f i re .  Some o f  the  co lumn he ight  measurements  were  
suppor ted  by  measurements  by  lookouts  located  near  the  s tudy  area .  
Water -can  f i re  ana logs ,  as  descr ibed  by  Beaufa i t  (1966) ,  were  
p laced  in  the  f i re  and the  loss  o f  water  (by  we ight )  f rom these  ana log  
was recorded as  soon a f te r  the  f i re  as  poss ib le .  
Chapter  ^  
ANALYSIS  OF MILLER CREEK DATA 
Study  o f  modern  p lume theory  revea ls  that  the  he ight  ach ieved by  
a  f i re  column is  in f luenced by  the  in tens i ty  (un i t  a rea  energy  re lease  
ra te )  o f  the  f i re ,  the  temperature /a l t i tude  prof i le  o f  the  a tmosphere  
above  the  f i re  s i te ,  and to  an  unknown ex tent  by  the  f i re  s ize  and the  
sur face  windspeed a t  the  t ime o f  the  f i re^  (Murga i  and  Emmons I96O) .  
Other  fac tors  are  a lmost  cer ta in ly  invo lved ,  but  for  an  in i t ia l  approach 
the  a forement ioned fac tors  appear  to  be  suf f ic ient ly  in f luent ia l  to  
account  for  the  major  por t ion  o f  the  var ia t ion  exper ienced.  
ENERGY RELEASE RATE 
The  heat  produced by  a  f i re  per  un i t  o f  t ime is  i ts  energy  re lease  
ra te .  The  ra te  o f  energy  re lease  is  a  funct ion  o f  a  number  o f  var iab les ,  
each  o f  which  can  be  measured  or  es t imated  pr ior  to  ign i t ion .  The  fue l  
•I- / - V  / - / - \ r v + * a i r t c r  a  in4-
re leased i f  a l l  o f  the  fue l  burned.  However ,  the  to ta l  amount  o f  energy  
a  s lash  f i re  re leases  is  modi f ied  by  the  mois ture  content  o f  the  fue ls  
in  a t  least  two ways:  
®Lowry ,  op .  c i  t .  
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1 .  The  f rac t ion  o f  the  fue l  tha t  is  ac tua l ly  consumed is  cont ro l led  
to  a  la rge  extent  by  how wet  the  fue l  i s .^  
2 .  Even i f  the  fue l  does  burn ,  the  water  in  the  fue l  decreases  
the  u l t imate  energy  output  (Dav is  1959) .  Thus ,  the  in f luence  o f  fue l  
mois ture  on  energy  re lease  may be  thought  o f  as  mul t ip l ica t ive  ra ther  than  
s imply  addi  t ive .  
Wind a t  the  t ime o f  the  f i re  a lso  has  a  modi fy ing  in f luence  on  the  
energy  re lease  ra te  by  acce lera t ing  the  ra te  o f  spread  and decreas ing  
the  t ime span over  which  the  energy  is  re leased.  S lope  has  an  in f luence  
on the  energy  re lease  ra te  s imi la r  to  that  o f  w ind .  However ,  the  s lopes  
a t  Mi l le r  Creek  were  fa i r ly  un i form and w i l l  be  neg lected  in  th is  f i rs t  
ana lys is .  S imi la r ly ,  p lo t  s ize  a t  Mi l le r  Creek  was  near ly  constant .  
In  pract ice  i t  has  been found that  fue ls  w i th  d iameters  less  than  
approx imate ly  10  cent imeters  const i tu te  the  bu lk  o f  the  fue ls  consumed in  
the  usua l  s lash  f i re .  Only  very  in tense  f i res  consume the  la rger  fue ls .  
The  0 - to  10-cent imeter  fue ls  can  be  ca tegor ized  in  three  c lasses:  
1 .  Needles  ( leaves)  
2 .  Twigs  w i th  d iameters  less  than  1 cent imeter  
3 .  Branches  w i th  d iameters  between 1  and  10  cent imeters  
In  addi t ion  to  the  fue ls  above  the  sur face ,  duf f  o f ten  const i tu tes  
a  consumable  fue l  and should  be  accounted  for .  Ear l ie r  ana lyses  o f  the  
^Steer ing  Commit tee .  Cooperat ive  s tud ies  o f  the  use  o f  f i re  in  
s i lv icu l ture .  Progress  Repor t  1970 .  (Unpubl ished repor t  on  f i l e  a t  
Nor thern  Forest  F i re  Laboratory ,  USDA Forest  Serv ice ,  Missoula ,  Montana . )  
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data  f rom Mi l le r  Creek  suggest  tha t  the  mois ture  content  o f  the  duf f  is  
an  ind icator  o f  the  energy  re lease  one  might  expect  f rom a  f i re .®  
Recent  exper iments  a t  the  Nor thern  Forest  F i re  Laboratory  have  
shown tha t  the  potent ia l  energy  o f  ovendr ied  needles ,  o f  smal l  tw igs ,  
and o f  branchwood d i f fe r  cons iderab ly  (see  Appendix  A ,  tab le  2 ,  page  5 2 ) -
The  va lues  used in  th is  ana lys is  employ  the  most  recent  heat  content  
f igures  as  determined by  bomb ca lor imeter  measurements  on  needles  and 
tw i  g  s  .  
By  us ing  these  heat  content  va lues  and the  mois ture  content  o f  the  
var ious  fue ls  a t  f i re  t ime,  the  ava i lab le  heat  y ie ld  per  pound o f  each  
fue l  can  be  ca lcu la ted  (see  Appendix  A ,  page  ^9 ,  Potent ia l  Heat  Y ie ld ) .  
Fue l  inventor ies  conducted  a t  Mi l le r  Creek  a l low a  ca lcu la t ion  o f  the  
weight  o f  the  fue ls  in  each ca tegory .  Mul t ip ly ing  the  heat  y ie ld  per  
pound o f  each  type  and s ize  o f  fue l  by  the  corresponding  weight  o f  the  
fue l  on  each f i re  s i te  g ives  the  ac tua l  heat  y ie ld  ava i lab le  f rom a l l  o f  
the  fue ls  on  the  s i te .  Note  tha t  th is  is  not  necessar i ly  the  energy  that  
- • 1 1  i - _  1  - I  t _ . .  J .  I  r * I  ^ £ J . I  . . * 1 1  I .  _ i  
W  I  I  I  U C  I  C l C d d C U  u y  L I I C  I  I  I  C  U C ^ d U S C  S U M I C  V J  I  L I I C  I  U C  I  W  I  I  I  l i u t  U C  U U M ^ U I i l C U .  
In  summary ,  the  inputs  which  a re  in tended to  account  for  the  
energy  re lease  ra te  are :  
1 .  Fue l  we ight  (separa ted  in to  s ize  c lasses)  
2 .  Fue l  mois ture  content  
3 -  Windspeed (sur face)  
k .  Temperature  o f  the  ambient  a i r  a t  the  f i re  s i te  
5 .  H igh  heat  y ie ld  o f  var ious  fue ls  
®Ib  id .  
] k  
These  f ive  var iab les  are  combined in  var ious  ways  to  account  for  the  
ava i lab le  energy  (Appendix  A ,  page  i tS )  and  a re  a lso  used ind iv idua l ly  in  
the  regress ion  ana lys is  to  account  for  the  quant i ty  o f  fue l  burned and 
the  ra te  a t  which  i t  is  consumed.  The  word  schemat ic  ( f ig .  1 )  showing 
the  data  f low path  w i l l  he lp  the  reader  to  v isua l i ze  the  way  each  var iab le  
is  used to  formula te  the  var iab les  that  go  in to  the  mul t ip le  regress ion  
ana lys is .  For  example ,  one  can  see  tha t  a  ca lcu la t ion  o f  the  potent ia l  
heat  y ie ld  requi res  these  inputs :  
1 .  Fue l  energy  content  
2 .  Temperature  ( fue l  a t  f i re  t ime)  
3 .  Fue l  we ights  
k .  Fue l  mois ture  content  
Note  a lso  that  some var iab les ,  such as  fue l  we ight ,  a re  used d i rec t ly  in  
the  regress ion  ana lys is .  
BUILDUP INDEX 
I  h e  N a t i o n a l  F i r e - D a n g e r  K a t i n g  b u i l d u p  I n d e x  ( b u i )  h a s  p r o v e d  
to  be  s t rongly  corre la ted  to  burn  resu l ts  in  recent  ana lyses .^  Th is  is  
to  be  expected  because  the  BUI  i s  in tended as  a  descr ip tor  o f  the  dry ing  
h is tory  o f  in termedia te  s ize  (1 .25  to  5 .0  cent imeter  d iameter )  fue ls .  
As  such,  the  BUI  i s  re la ted  to  the  fue l  mois ture  content  o f  those  fue ls .  
For  a  g iven  load ing ,  the  BUI  might  be  s t rongly  re la ted  to  the  energy  
re lease  ra te  and could  serve  as  a  convenient  var iab le  to  account  for  the  
e f fec t  o f  fue l  condi t ions  on  co lumn he ights .  
5  I  b  i  d .  
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LAPSE RATES 
The  te rm " lapse  ra te"  is  used to  descr ibe  the  change in  a i r  
temperature  for  a  g iven  a l t i tude  change.  A  parce l  o f  a i r  which  is  heated  
a t  the  sur face  o f  the  ear th  w i l l  tend  to  r ise .  As  i t  r ises  i t  expands,  
and w i th  no add i t ion  o f  energy  i t  w i l l  become cooler .  Sa id  another  way ,  
there  is  no  exchange o f  energy  between the  a i r  parce l  and the  ambient  a i r  
surrounding  i t .  The  parce l ,  as  i t  r ises ,  is  s imply  get t ing  la rger  w i th ­
out  ga in ing  any  energy  content ,  w i th  the  resu l t  tha t  the  temperature  o f  
the  parce l  decreases .  Th is  revers ib le  process  is  ca l led  dry  ad iabat ic  
cool ing ,  and in  our  a tmosphere  i t  occurs  a t  a  ra te  o f  about  1  Ce ls ius  
degree  per  100  meters  o f  a l t i tude  change (1C. ° /100  m. ) .  
The  ac tua l  ex is t ing  temperature -a l t i tude  curve  a t  any  g iven  t ime 
is  composed o f  a  cont inuum of  many d i f fe rent  lapse  ra tes ,  s tacked one  
upon the  o ther .  The  temperature -a l t i tude  prof i le  is  constant ly  changing  
and has  an  in f in i te  var ie ty  o f  shapes .  Cer ta in  o f  these  shapes  and 
character is t ics  are  o f  spec ia l  in terest .  When the  temperature  decreases  
wi th  a l t i tude  more  s lowly  than  the  dry  ad iabat ic  ra te ,  an  ad iabat ica1 ly  
cooled  a i rmass  w i l l  exper ience  a  res is tance  to  fur ther  r ise  because  the  
surrounding  a i r  is  increas ing ly  warmer  than  the  parce l .  Th is  s i tua t ion  
is  ca l led  a  s tab le  condi t ion  and is  i l lus t ra ted  in  f igure  2 .  Converse ly ,  
when the  temperature  decreases  more  rap id ly  than  the  dry  ad iabat ic  ra te  
an  ad iabat ica l1y  cooled  a i rmass  exper iences  l i f t ing  ( increased buoyancy)  
by  v i r tue  o f  growing increas ing ly  warmer  than  the  surrounding  a i r .  Th is  
is  ca l led  an  unstab le  condi t ion  and is  i l lus t ra ted  in  f igure  3 -
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A possible actual lapse rate(stable condition) 
Path of an adiabatically cooled parcel 
V 
-o  
3  
< 
100m. 
Warmer Cooler 
Temperature 
Figure  2 . - -Temperature  re la t ionships  under  a  s tab le  lapse  ra te  condi t ion .  
An ad iabat ica l ly  cooled  a i rmass  w i l l  exper ience  res is tance  to  fur ther  
r ise  because  surrounding  a i r  is  increas ing ly  warmer  than  the  a i rmass .  
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A possible actual lapse rate(unstable condition) 
Path of on adiabatically cooled parcel 
(U  
"O  
3  
< 
Cooler Warmer 
Temperature 
F igure  3 . - -Tempera tu re  re la t ionsh ips  under  an  uns tab le  l apse  ra te  
cond i t ion .  An  ad iaba t i ca l l y  coo led  a i rmass  w i l l  exper ience  an  
inc rease  in  buoyancy  by  v i r tue  o f  becoming  inc reas ing ly  warmer  
than  the  sur round ing  a i r .  
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COOLING OF  COLUMN GASES 
The  gases  in  a  f i r e  co lumn l eave  the  sur face  a t  tempera tu res  
wh ich  a re  ex t reme ly  h igh  as  compared  to  a i r  tempera tu res  a round  the  f i r e .  
A t  h igh  tempera tu res ,  the  gases  coo l  by  a  complex  combina t ion  o f  m ix ing ,  
expand ing ,  and  rad ia t ing  wh ich  i s  no t  we l l  l<nown  a t  p resen t .  I n  any  
even t ,  the  coo l ing  curve  most  assured ly  does  no t  fo l low  a  d ry  ad iaba t i c  
r a te  f rom the  g round  up .  A t  some  po in t  i n  a l t i tude  the  co lumn gases  w i l l  
cease  to  exchange  energy  w i th  the  sur round ing  a i r  and  w i l l  beg in  to  coo l  
a lmos t  ad iaba t i ca l l y .  Jus t  where  th is  occurs  i s  the  unpred ic tab le  
f ac to r  and  i s  the  resu l t  o f  the  ve ry  complex  coo l ing  mechan isms .  Th is  
complex  coo l ing  i s  i l l us t ra ted  by  the  th ree  poss ib le  coo l ing  curves  in  
f igure  4 .  The  upper  cu rve  wou ld  descr ibe  a  ho t  f i r e  and  the  lower  curves  
a re  fo r  p rogress ive ly  coo le r  f i r es .  No te  tha t  the  curves  en te r  i n to  d ry  
ad iaba t i c  coo l ing  a t  d i f f e ren t  a l t i tudes ,  and  as  a  r esu l t  they  in te rsec t  
the  ac tua l  l apse  ra te  curve  a t  d i f f e ren t  a l t i tudes .  F rom the  po in t  where  
ad iaba t i c  coo l ing  occurs ,  any  fu r the r  r i se  o f  the  smoke  i n  a  f i r e  co lumn 
depends  on  the  na tu re  o f  the  l apse  ra te  as  i t  ex is ts  in  the  a tmosphere  
above  tha t  po in t .  The  c rux  o f  the  p rob lem o f  descr ib ing  co lumn behav io r  
i s  to  account  fo r  the  shape  o f  the  coo l ing  curve  be low  the  po in t  where  
ad iaba t i c  coo l ing  beg ins .  I f  th is  low  a l t i tude  coo l ing  cou ld  be  accura te ly  
descr ibed ,  i t  wou ld  be  a  s imp le  mat te r  to  super impose  the  da i l y  l apse  ra te  
on  the  coo l ing  curve  and  p ro jec t  upward  to  de te rmine  the  cor rec t  co lumn 
he igh t .  The  u l t ima te  he igh t  wou ld  be  the  a l t i tude  where  the  ad iaba t i ca11y  
coo led  gases  become  equa l  to  the  ambien t  t empera tu res .  
2 0  
A possible actual lapse rate 
Points where adiabatic cooling occurs 
Three possible 
cooling curves 
for smoke 
Cooler Warmer 
Temperature 
gu  
ad  
r e  4 . - -Poss ib le  coo l ing  curves  fo r  smoke .  Ho t te r  f i r es  en te r  i n to  
i aba t i c  coo l ing  a t  h igher  a l t i tudes  than  do  coo le r  f i r es .  
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I t  i s  poss ib le  tha t  the  w indspeed  near  the  sur face  in f luences  the  
coo l ing  o f  co lumn gases .  I t  i s  f a i r l y  we l l  known  tha t  a  h igh  in tens i ty  
f i r e  y ie lds  a  h igh  smoke  co lumn.  There fo re ,  one  wou ld  expec t  tha t  a  w ind -
fanned  f i r e ,  wh ich  tends  to  be  in tense ,  wou ld  t end  to  p roduce  a  h igh  
co lumn.  However ,  i t  shou ld  be  reca l l ed  tha t  the  co lumn gases  a re  coo led  
by  m ix ing  fo r  a  por t ion  o f  the  d is tance  up  the  co lumn.  Th is  i s  espec ia l l y  
so  near  the  sur face  where  the  gases  a re  ve ry  ho t .  Wind  a t  the  sur face  
wou ld  most  assured ly  ass is t  th is  fo rm o f  coo l ing  by  accen tua t ing  the  
mix ing  p rocess .  By  i nc reas ing  the  m ix ing ,  a  s t rong  sur face  w ind  cou ld  
cause  the  gases  to  coo l  more  qu ick ly ,  l eav ing  l ess  energy  in  the  gases  
to  be  expended  by  r i s ing  and  expand ing .  The  r esu l t  i s  a  shor te r  co lumn.  
LAPSE RATE INFLUENCES AT  UPPER LEVELS 
The  p rob lem o f  account ing  fo r  the  in f luence  o f  the  l apse  ra te  
above  the  po in t  where  ad iaba t i c  coo l ing  beg ins  can  be  approached  in  
severa l  ways .  A  good  phys ica l  approach  wou ld  cons ide r  each  l eg  o f  the  
tempera tu re  p ro f i l e  separa te ly ,  ca lcu la t ing  buoyanc ies  f rom the  tempera tu re  
d i f f e rences  be tween  the  co lumn gases  and  the  ambien t  a i r ,  and  employ ing  
conserva t ion  equa t ions  to  de te rmine  the  ra te  o f  r i se  to  the  nex t  l eg  o f  
the  tempera tu re  p ro f i l e ,  and  so  on .  
An  a l t e rna t i ve  approach  s tems  f rom the  f ac t  tha t  the  pseudo-
ad iaba t i c  d iagram i s  ac tua l l y  an  energy  char t .  An  a rea  on  the  d iagram 
represen ts  a  g iven  amount  o f  energy .  Lowry^^  and  o the rs  have  sugges ted  
^ °Lowry ,  op .  c i  t .  
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tha t  the  a lgebra ic  sum o f  the  a reas  above  and  be low  a  d ry  ad iaba t i c  l i ne  
and  enc losed  by  the  ac tua l  l apse  ra te  curve  cou ld  be  used  to  mod i fy  the  
p red ic ted  co lumn he igh t .  A  p rob lem a r i ses  he re  because  one  does  no t  know 
the  po in t  where  the  smoke  w i l l  beg in  ad iaba t i c  coo l ing .  There fo re ,  the  
cho ice  o f  wh ich  ad iaba t  to  use  i s  s imp ly  a  guess  because  o f  our  p resen t l y  
l im i ted  knowledge  o f  the  coo l ing  p rocesses  in  the  lower  por t ion  o f  the  
smoke  co lumn.  
None  o f  these  approaches  i s  r ea l i s t i ca l l y  su i ted  to  genera l  use  
by  men  i n  the  f i e ld .  The  F ree  A i r  Convec t ion  Leve l  (FACL) ,  on  the  
o the r  hand ,  i s  a  pa ramete r  wh ich  can  be  de te rmined  by  f i r e -wea ther  
fo recas te rs  i f  a  good  a tmospher ic  sound ing  i s  ava i l ab le .  The  FACL  
ho lds  p romise  as  a  use fu l  descr ip to r  o f  a tmospher ic  cond i t ions  wh ich  
in f luence  smoke  r i se .  
FREE A IR  CONVECTION LEVEL  
The  max imum l eve l  o f  f r ee  a i r  convec t ion  (FACL)  i s  ca lcu la ted  
f rom the  ac tua l  t empera tu re  l apse  ra te  ( t empera tu re  ve rsus  a l t i tude  
curve )  ex is t ing  a t  the  t ime  o f  i gn i t ion .  The  p red ic ted  (o r  measured )  
max imum da i l y  tempera tu re  i s  p lo t ted  as  the  I n i t i a l  sur face  va lue  on  a  
pseudo-ad iaba t i c  char t .  A  l i ne  i s  p ro jec ted  f rom the  sur face  upward  
a long  the  d ry  ad iaba t  un t i l  i t  in te rsec ts  the  ac tua l  l apse  ra te  curve .  
The  po in t  o f  in te rsec t ion  i s  de f ined  as  the  Max imum F ree  A i r  Convec t ion  
Leve l .  
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A p re l im inary  regress ion  ana lys is  sc reen  fo r  bes t  equa t ions  showed  
the  FACL  to  be  a  modera te ly  good  p red ic to r  o f  u l t ima te  co lumn he igh t .  
There fo re ,  the  use  o f  the  FACL  as  an  independent  va r i ab le  to  account  fo r  
the  in f luence  o f  the  l apse  ra te  seems  j us t i f i ed  on  s ta t i s t i ca l  as  we l l  as  
p rac t i ca l  g rounds .  Because  o f  the  way  the  FACL  i s  de te rmined ,  i t  i s  to  
be  expec ted  tha t  i t s  accuracy  as  a  co lumn he igh t  p red ic to r  i s  be t te r  
when  the  a tmosphere  i s  uns tab le  so  tha t  a  h igh  FACL  r esu l ts .  S ince  the  
FACL  i s  de te rmined  by  p ro jec t ing  a long  an  ad iaba t i c  coo l ing  l i ne ,  i t  can  
on ly  be  accura te  i f  the  FACL  tu rns  ou t  to  be  cons ide rab ly  above  the  po in t  
where  the  smoke  ceases  to  coo l  by  m ix ing  and  en te rs  in to  ad iaba t i c  
coo l ing .  I f  the  FACL  I s  above  th is  po in t ,  the  method  used  to  ca lcu la te  
the  FACL  pa ra l l e l s  c lose ly  the  ac tua l  coo l ing  mechan ism o f  the  smoke .  
I f  the  FACL  p red ic t ion  i s  be low  th is  po in t ,  i t s  e f f ec t i veness  as  a  
p red ic to r  decreases  qu ick ly .  I f  the  l apse  ra te  i s  s tab le  f rom the  g round  
up ,  the  FACL  i s  poss ib ly  ze ro  (g round  e leva t ion ) ,  ye t  a  h igh  energy  f i r e  
w i l l  d r i ve  the  smoke  h igher  than  g round  l eve l .  
Wh i l e  on  the  sub jec t  o f  l apse  ra tes ,  i t  migh t  be  we l l  to  e labora te  
on  a  spec ia l  l apse  ra te  cond i t ion  ca l l ed  a  t empera tu re  inve rs ion .  There  
seems  to  be  a  g rowing  misconcep t ion  about  the  capac i ty  o f  a  t empera tu re  
inve rs ion  to  t rap  smoke  o r  to  p reven t  smoke  f rom r i s ing  above  a  ce r ta in  
l eve l .  One  even  hears  such  express ions  as  "burs t ing  th rough"  an  inve rs ion ,  
wh ich  seems  to  imp ly  some  r ig id  ba r r i e r  s t re tched  ac ross  the  sky .  
Ac tua l l y  a  t empera tu re  inve rs ion  i s  no th ing  more  than  a  ve ry  s tab le  por t ion  
o f  a  t empera tu re /a l t i tude  curve .  Jus t  as  any  s tab le  l apse  ra te  cond i t ion  
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wi l l  suppress  the  r i se  o f  a  gas ,  an  inve rs ion  w i l l  cause  smoke  (o r  any  
o the r  gas )  to  s top  r i s ing  on ly  i f  the  smoke  has  coo led  to  ve ry  near ly  the  
ambien t  t empera tu re  a t  the  a l t i tude  where  the  inve rs ion  ex is ts .  To  
i l l us t ra te  th is ,  f i gu re  h  shows  a  de f in i t e  and  s t rong  tempera tu re  i n ­
ve rs ion  be low  the  a l t i tudes  where  any  o f  the  smoke  beg ins  to  coo l  
ad iaba t i ca11y .  Th is  inve rs ion  wou ld  no t  t r ap ,  s top ,  o r  ho ld  the  hea ted  
gases  a t  th is  l eve l .  The  ne t  r esu l t  o f  the  inve rs ion  wou ld  be  a  s l igh t  
decrease  in  buoyancy .  I t  shou ld  be  obv ious  tha t  the  gases  have  "burs t "  
no th ing ,  nor  have  they  "overcome"  an  inve rs ion .  The  gases  a re  s imp ly  
ho t te r  than  ambien t  t empera tu res  up  to  and  above  the  l eve l  o f  the  
inve rs ion .  One  shou ld  a l so  rea l i ze  tha t ,  fo r  a  ho t  f i r e ,  the  h igher  
an  inve rs ion  i s ,  the  g rea te r  i s  the  l i ke l ihood  tha t  the  inve rs ion  w i l l  
suppress  fu r the r  r i se  o f  the  smoke .  However ,  t h i s  i s  a l so  t rue  fo r  a  
l apse  ra te  cond i t ion  tha t  i s  on ly  modera te ly  s tab le ,  so  aga in  the re  i s  
no th ing  more  spec ia l  abou t  an  inve rs ion  than  the  f ac t  tha t  i t  i s  a  ve ry  
s tab  1e  1ayer  o f  a i r .  
REACTION INTENSITY  AND RATE OF  SPREAD 
The  F i re  Phys ics  P ro jec t  a t  the  Nor the rn  Fores t  F i re  Labora to ry  
has  recen t l y  comple ted  the  deve lopment  o f  a  mathemat ica l  f i r e  spread  
mode l .The  mode l  ca lcu la tes  two  func t ions  wh ich  may  be  use fu l  i n  
descr ib ing  smoke  co lumn behav io r .  These  two  func t ions  a re  the  
^^R ichard  C .  Ro therme l .  Ta i lo r ing  the  f i r e  spread  ra te  mode l  
t o  the  f i e ld .  (Paper  p resen ted  a t  1969  Spr ing  Mee t ing  o f  the  Cen t ra l  
S ta tes  Sec t ion  o f  the  Combust ion  I ns t i tu te ,  M inneapo l i s ,  M inneso ta . )  
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Reac t ion  In tens i ty  ( 1^ )  and  the  Ra te  o f  Spread  (ROS) .  The  i s  one  
fo rm o f  the  un i t  a rea  energy  re lease  ra te  exper ienced  in  mov ing  f i r es .  
The  ROS i s  the  p red ic ted  l i nea r  speed  o f  the  movement  o f  the  f i r e  f ron t .  
The  da ta  requ i red  fo r  the  computa t ion  o f  i [^  and  ROS may  be  read  f rom 
f igure  1 by  fo l low ing  the  a r rows  l ead ing  in to  the  b lock  l abe led  
and  Ra te  o f  Spread . "  Work  on  the  mode l  i s  con t inu ing  to  make  i t  more  
ve rsa t i l e  and  more  descr ip t i ve  o f  o the r  k inds  o f  f i r es  bes ides  runn ing  
f  i  r es .  
MULT IPLE  REGRESSION ANALYSIS  
Because  o f  the  poss ib le  in f luence  o f  the  e leva t ion  o f  the  f i r e  
s i t e  on  co lumn he igh t ,  two  measures  o f  he igh t  were  used :  
Co lumn he igh t  above  mean  sea  l eve l  
Co lumn he igh t  above  t e r ra in  
The  he igh t  above  t e r ra in  i s  the  ac tua l  l eng th  o f  the  co lumn f rom the  
g round  to  the  a l t i tude  where  the  ax is  becomes  hor i zon ta l .  These  two  
co lumn he igh t  measurements  cons t i tu te  the  dependent  va r i ab les  in  a  
regress ion  ana lys is  where :  
Y (1 )  =  co lumn he igh t  ( f t .  above  m .s . l . )  
Y (2 )  =  co lumn he igh t  ( f t .  above  t e r ra in )  
X ( l )  =  Max imum F ree  A i r  Convec t ion  Leve l  ( f t .  above  m .s . l . )  
X (2 )  =  average  upper  du f f  mo is tu re  con ten t  (pe rcen t )  
X (3 )  =  w indspeed  a t  f i r e  t ime  (20  f ee t  above  g round ,  m .p .h . )  
( 5~minu te  ave rage )  
X (4 )  =  wa te r -can  we igh t  loss  (g . )  
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X(5 )  =  Na t iona l  F i re -Danger  Ra t ing  Bu i ldup  Index  
X (8 )  =  1 /X (2 )  
X ( I 2 )  =  po ten t i a l  hea t  y i e ld  o f  fue ls  in  X ( l 6 )  (B . t .u . )  
X (13 )  =  reac t ion  in tens i ty  ( i j ^ )  
X ( lA )  =  ra te  o f  spread  (ROS)  
X (15 )  =  we igh t  o f  fue ls ;  0 -1  cm.  d iamete r  +  1 -10  cm.  d iamete r  
+  need les  (g . /m .^ )  
X ( l 6 )  =  we igh t  o f  fue ls ;  0 -1  cm.  d iamete r  +  need les  (g . /m . -^ )  
X (17 )  =  average  f i ne  fue l  mo is tu re ;  0 -1  cm.  +  need les  (pe rcen t )  
X (18 )  =  1 /X (17 )  
X (19 )  =  po ten t i a l  hea t  y i e ld  o f  fue ls  in  X ( l 5 )  (B . t .u . )  
X (20 )  =  Max imum F ree  A i r  Convec t ion  Leve l  ( f t .  above  t e r ra in )  
A  compute r  sc reen  o f  a l l  poss ib le  equa t ions  invo lv ing  the  above  
va r i ab les  was  pe r fo rmed  a long  w i th  mach ine  p lo ts  o f  each  independent  
va r i ab le  aga ins t  each  dependent  va r i ab le .  Th is  i n i t i a l  a t t empt  revea led  
tha t  a  l i nea r  func t ion  o f  X ( l ) ,  X ( l 2 ) ,  X ( l 6 ) ,  and  X ( l 7 )  accounts  fo r  
63 .2  pe rcen t  o f  the  va r i a t ion  exper ienced  in  Y ( l ) .  The  compute r  p lo ts  
o f  the  va r i ab les  ind ica ted  tha t  va r i ab les  X (3 ) ,  X (5 ) ,  and  X ( l 8 )  va ry  as  
some  func t ion  o f  the  co lumn he igh t  above  mean  sea  l eve l .  A  compute r  
p rogram was  employed  to  f i nd  the  s ing le - te rm equa t ions  o f  bes t  f i t  fo r  
each  o f  these  th ree  independent  va r i ab les  ve rsus  co lumn he igh t .  The  
resu l t ing  func t ions  were  added  to  the  independent  va r i ab le  l i s t .  They  
a re  X (6 ) ,  X (7 ) ,  X (9 ) ,  and  X ( l l )  be low ,  and  were  se lec ted  as  a  conven ience  
in  curve  f i t t i ng ,  no t  because  o f  any  phys ica l  i n fe rence .  The  independent  
va r i ab les  found  to  be  nons ign i f i can t  in  the  i n i t i a l  ana lys is  were  e l im ina ted .  
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The  f i na l  sc reen  o f  a l l  poss ib le  equa t ions  examined  combina t ions  o f  the  
fo l low ing  va r i ab les :  
Y (1 )  =  co lumn he igh t  ( f t .  above  m .s . l . )  
Y (2 )  =  co lumn he igh t  ( f t .  above  t e r ra in )  
X ( l )  =  F ree  A i r  Convec t ion  Leve l  ( f t .  above  m .s . l . )  
X (2 )  =  average  upper  du f f  mo is tu re  con ten t  (pe rcen t )  
X (3 )  =  w indspeed  a t  f i r e  t ime  (20  f ee t  above  g round ,  m .p .h . )  
X (4 )  =  wa te r -can  we igh t  loss  (g  . )  
X (5 )  =  Na t iona l  F i re -Danger  Ra t ing  Bu i ldup  Index  
X (6 )  =  square  roo t  o f  X (5 )  
X (7 )  =  Log ,Q  | x ( 5 ) )  
X(8 )  =  1 /X (2 )  
X (9 )  =  square  roo t  o f  X (3 )  
X (10 )  =  square  roo t  o f  the  po ten t i a l  hea t  y i e ld  o f  the  
( 0 -1  cm.  +  need les )  fue ls  
X ( l l )  =  square  roo t  o f  X (8 )  
Chapte r  5  
RESULTS OF  THE  ANALYSIS  OF  M ILLER CREEK DATA 
The  s i x -va r i ab le  regress ion  equa t ion  w i th  the  sma l l es t  roo t  
mean  square  had  these  s ix  va r i ab les :  
X ( l ) ,  X (2 ) ,  X (3 ) ,  X (4 ) ,  X (9 ) ,  X ( l l )  
where :  
X ( l )  =  F ree  A i r  Convec t ion  Leve l  ( f t .  above  m .s . l . )  
X (2 )  =  upper  du f f  mo is tu re  con ten t  (pe rcen t )  
X (3 )  =  w indspeed  ( 20  f ee t  above  g round ,  m .p .h . )  
X (^ )  =  wa te r -can  we igh t  loss  (g . )  
X (9 )  =  square  roo t  o f  X (3 )  
X ( l l )  =  square  roo t  o f  1 /X (2 ) .  
The  R^  ( coe f f i c i en t  o f  mu l t ip le  de te rmina t ion )  fo r  th is  regress ion  
i s  . 80 .  Tha t  i s ,  80  pe rcen t  o f  the  va r i a t ion  i s  the  co lumn he igh t  as  
measured  by  va r i ance  i s  exp la ined  by  the  regress ion .  
Source  o f  va r i a t ion  d f  SS  MS F  
Due  to  regress ion  6  84 ,308 ,688  14 ,051 ,448  9 .958""  
E r ro r  15  21 ,165 ,840  1 ,411 ,056  
To ta l  21  105 ,474 ,520  
S ince  t abu la r  F  q |  w i th  6  and  15  degrees  o f  f reedom i s  3 . 94 ,  an  
F^ / i i -  JJ7  9 . 958  i s  s ign i f i can t  a t  the  . 01  l eve l .  
0 /  I  5  <31  
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Standard  e r ro r  o f  the  es t ima t ion  =  1 ,188  f ee t .  
A  " t "  t es t  o f  the  regress ion  coe f f i c i en ts  to  de te rmine  i f  the  
coe f f i c i en ts  a re  s ign i f i can t l y  d i f f e ren t  than  ze ro  y ie lded  the  fo l low ing  
resu l ts :  
Coe f f  i  c  i en t  1 1.^1 f Leve l  o f  s  i gn  i f  i  cance  
b ( l )  1 .789  . 10  
b (2 )  1  . 557  . 20  
b (3 )  3 . 66  . 01  
b { h )  2 .385  . 02  
b (9 )  3 . 7^1  . 01  
b ( l l )  1  . 224  . 30  
From th is  t es t  i  t  appears  tha t  on ly  b (3 ) ,  b (4 ) ,  and  b (9 )  a re  
s ta t i s t i ca l l y  assured  o f  be ing  d i f f e ren t  than  ze ro .  Separa t ing  non -
s ign i f i can t  va r i ab les  y ie lded  the  fo l low ing  resu1 ts  ( see  Append ix  B ,  
page  5 7  fo r  computa t ions )  ; 
Tes t  o f  the  ga in  due  to  X ( l ) ,  X (2 ) ,  and  X ( l l )  a f t e r  
X (3 ) ,  X^ t ) ,  and  X (9 )  a re  in  the  mode l :  
F (3  15 )  ~  wh ich  i s  no t  s ign i f i can t  a t  a  =  . 05  
Reduc t ion  due  to  X (3 ) ,  X (4 ) ,  and  X (9 ) ,  on ly :  
F (3  =  17 .71 ;  wh ich  i s  s ign i f i can t  a t  a  =  . 01  
The  w i th  X (3 ) ,  X (^ ) ,  and  X (9 )  i n  the  mode l  i s  . 711 ,  and  the  
s tandard  e r ro r  o f  the  es t ima te  i s  1 ,302  f ee t  ( see  Append ix  B ,  page  57  
fo r  computa t ions ) .  
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At  th is  junc tu re ,  i t  i s  adv isab le  to  examine  the  va l id i t y  o f  the  
regress ion  equa t ion  on  a  log ica l  as  we l l  as  p rac t i ca l  bas is .  I t  shou ld  
be  remembered  tha t  the  u l t ima te  in tended  use  o f  th is  equa t ion  i s  the  
p reburn  ca lcu la t ion  o f  p robab le  smoke  co lumn he igh ts .  Th is  regress ion  
equa t ion  does  no t  f u l f i l l  the  requ i rements  because  X (4 ) ,  wh ich  i s  wa te r -
can  we igh t  l oss ,  i s  no t  known  be fo re  ign i t ion  (a l though  i t  can  be  
p red ic ted ) .  Ra ther  than  employ  a  second  regress ion  equa t ion  (w i th  i t s  
a t tendan t  e r ro r )  to  es t ima te  wa te r -can  loss ,  i t  i s  more  exped ien t  and  
log ica l  to  fo rmu la te  a  mode l  t o  descr ibe  co lumn he igh t  d i rec t l y .  I t  
i s  known  f rom o ther  ana lyses^^  tha t  the  Bu i ldup  Index  i s  a  good  p red ic to r  
o f  wa te r -can  we igh t  l oss .  Hence ,  i t  i s  log ica l  to  suspec t  tha t  a  
regress ion  equa t ion  w i th  some  func t ion  o f  the  Bu i ldup  Index  in  p lace  o f  
wa te r -can  we igh t  loss  wou ld  be  a  good  descr ip to r  o f  co lumn he igh t .  
Th is ,  indeed ,  i s  the  case .  Reca l l  tha t  independent  va r i ab les  
X (5 ) ,  X (6 ) ,  and  X (7 )  a re  the  Bu i ldup  Index ,  square  roo t  o f  the  Bu i ldup  
Index ,  and  the  logar i thm o f  the  Bu i ldup  Index ,  r espec t i ve ly .  Regress ion  
ana lyses  us ing  these  va r i ab les  in  p lace  o f  wa te r -can  we igh t  loss  y i e ld  
the  fo l low ing  resu l ts :  
Y ( l )  =  f  [X ( l ) ,  X(2 ) ,  X ( 3 ) ,  X ( 7 ) ,  X ( 9 ) ,  X ( l l ) j  . 7 9 0  
Y ( l )  =  f  ( x ( l ) ,  X(2 ) ,  X ( 3 ) ,  X ( 6 ) ,  X ( 9 ) ,  X ( l l )  . 7 8 8  
Y( l )  =  f  ( x ( l ) ,  X ( 3 ) ,  x ( 7 ) ,  X ( 8 ) ,  x ( 9 ) ,  x ( l l ) )  . 7 9 3  
^^Stee r ing  Commi t tee ,  op .  c  i  t .  
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Remov ing  the  l eas t  s ign i f i can t  va r i ab les  in  each  o f  these  resu l ted  
i  n  the  fo l low i  ng ;  
r 2  
Y d )  =  f  '  
Y d )  =  f  
A1  so :  
X d ) ,  X ( 3 ) ,  X ( 7 ) ,  X ( 9 ) ,  X ( l l ) j  . 7 6 7  
X d ) ,  X ( 2 ) ,  X ( 3 ) ,  X ( 6 ) ,  X ( 9 ) j  . 7 6 1  
Y d )  =  f  ( x d ) ,  X ( 3 ) ,  X ( 7 ) ,  X (9) )  ,752 
The  l as t  equa t ion  i s  o f  spec ia l  i n te res t  because  o f  i t s  p rac t i ca l  
va lue .  A l though  the re  a re  four  independent  va r i ab les  in  the  equa t ion ,  
on ly  th ree  d i f f e ren t  measurements  a re  requ i red  to  ca lcu la te  the  independent  
va r i ab les .  The  on ly  f i e ld  measurements  requ i red  a re  the  Bu i ldup  Index ,  
the  F ree  A i r  Convec t ion  Leve l ,  and  the  5 -minu te  ave rage  w indspeed  a t  the  
sur face  (20  f ee t ) .  Requ i r ing  on ly  th ree  paramete rs  o f f e rs  cons ide rab le  
advan tage  in  p rac t i ca l  app l i ca t ions .  In  add i t ion  to  the  obv ious  bene f i t  
o f  m in ima l  da ta  ga ther ing ,  the re  i s  the  added  advan tage  o f  be ing  ab le  to  
p resen t  the  da ta  in  s imp le  t ab les .  The  BUI  i s  kep t  cu r ren t  by  the  
u .b .  i -o res t  Se rv ice  as  rou t ine  bus iness ,  and  the  o the r  two  va r i ab les  can  
be  p red ic ted  by  wea ther  fo recas te rs .  The  reduc t ion  in  exper ienced  in  
us ing  th is  s imp le r  equa t ion  in  p re fe rence  to  one  o f  the  longer  equa t ions  
may  we l l  be  j us t i f i ed  because  o f  i t s  adap tab i l i t y  as  a  use fu l  f i e ld  
techn  i  que .  
The  ques t ion  to  be  answered  i s  whe ther  o r  no t  the  s imp le r  equa t ion  
i s  s i f f i c i en t l y  accura te  and  t rus twor thy  fo r  the  needs  a t  hand .  The  
fo l low ing  pages  o f f e r  summar ies  o f  t es ts  o f  the  most  p romis ing  (h ighes t  
3 2  
va lues )  equa t ions  as  to  the i r  s ign i f i cance  and  expec ted  es t ima t ion  
accuracy .  Comple te  ca lcu la t ion  procedures  may  be  fo l lowed  in  Append ix  B  
( p a g e s  5 7  t o  5 9  ) .  
The  s imp les t  equa t ion  i s :  
Y  =  f  ( x ( l ) ,  X ( 3 ) ,  X ( 7 ) ,  X ( 9 ) )  
where :  
X ( l )  =  F ree  A i r  Convec t ion  Leve l  ( f t .  above  m .s . l . )  
X (3 )  =  5~minu te  ave rage  w indspeed ,  20  f ee t  (m .p .h . )  
X ( 7 )  =  L o g i o  ( B U I )  
X(9 )  =  square  roo t  | x ( 3 ) | .  
The  ac tua l  regress ion  equa t ion  i s :  
Y ( l )  =  - 5 , 5 7 8 . 3  +  . 0 3 8 1  X ( l )  -  2 , 1 8 3 . 6  X ( 3 )  +  3 , 6 8 3 . 9  X ( 7 )  
+  1 0 , 6 3 4 . 0  x ( 9 )  
Source  o f  va r i a t ion  d f  SS  MS F  
Due  to  regress ion  k  79 ,33^ ,^96  19 ,833 ,624  12 .899""  
E r ro r  17  26 ,140 ,032  1 ,537 ,649  
To ta l  21  105 ,474 ,528  
S ince  t abu la r  F  w i th  4 /17  d f  i s  4 . 34 ,  the  regress ion  i s  s ign i f i can t  
a t  the  . 01  l eve l .  
The  s tandard  e r ro r  o f  the  es t ima t ion  i s  1 ,240 .0  f ee t .  
The  coe f f i c i en t  o f  mu l t ip le  de te rmina t ion  i s :  
=  Regress ion  SS  =  79 ,334 ,496  =  . 7 5 2  
To ta l  SS  105 ,474 ,540  
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A " t "  t es t  o f  the  regress ion  coe f f i c i en ts  y ie lds  the  fo l low ing ;  
Coe f f  i c i en t  
b ( l )  
b (3 )  
b (7 )  
b (9 )  
1  . 759  
4 .670  
2 .558  
5 . 0 2 0  
Leve l  o f  s ign i f i cance  (d f  =  17 )  
. 1 0  
. 0 0 1  
. 05  
. 0 0 1  
Th is  t es t  ind ica tes  tha t  on ly  b ( l )  i s  o f  ques t ionab le  s ign i f i cance .  
There  ex is ts  a  p robab i l i t y  o f  10  pe rcen t  tha t  assuming  b ( l )  i s  no t  ze ro  
wou ld  l ead  to  an  e r roneous  assoc ia t ion .  
The  con f idence  in te rva l  about  the  mean  va lue  o f  Y  ( i . e . ,  regress ion  
Y )  fo r  a  spec i f i ed  se t  o f  X  va lues  can  be  ca lcu la ted  us ing  c -
mu11  i  p i i  e rs .  
Th is  i s  done  i n  Append ix  B ,  page  57 ,  and  summar i zed  be low:  
X (1 )  FACL  95  pe rcen t  con f idence  l im i ts  o f  Y  
5 , 000  f ee t  10 ,555  to  12 ,617  f ee t  
11 ,914  f ee t  11 ,265  to  12 ,435  f ee t  
23 ,325  f ee t  11 ,447  to  ] i , \ z z  fee t  
X (3 )  w indspeed  
(m . / sec . )  
1 . 5351  
2 .1330  
3 .7309  
95  pe rcen t  con f idence  l im i ts  o f  Y  
11 ,519  to  13 ,019  f ee t  
12 ,019  to  13 ,763  f ee t  
11 ,605  to  13 ,553  f ee t  
3 4  
X(7 )  Log^o  (BU I )  95  pe rcen t  con f idence  l im i ts  o f  Y  
1 . 31^8  8 ,800  to  13 ,180  f ee t  
1 .5372  9 ,807  to  13 ,893  f ee t  
1 .7596  10 ,521  to  14 ,817  f ee t  
For  the  sake  o f  comple teness ,  i t  i s  we l l  to  look  a t  one  o f  the  
regress ion  equa t ions  tha t  o f f e rs  a  somewhat  h igher  va lue  than  the  one  
jus t  examined .  I f  the  add i t ion  o f  more  independent  va r i ab les  o f fe rs  a  
dependab le  inc rease  in  the  exp la ined  va r i a t ion ,  the  more  complex  
equa t ion  i s  j us t i f i ed  as  a  be t te r  mode l .  
The  bes t  s i x -va r i ab le  regress ion  equa t ion  | exc lud ing  those  w i th  
X (4 ) |  i s :  
Y d )  =  f  [ x ( l ) ,  X ( 3 ) ,  X ( 7 ) ,  X ( 8 ) ,  X ( 9 ) ,  X ( l l ) j  
The  ac tua l  equa t ion  i s :  
Yd )  =  - 4 ,669 .11  +  . 0369  X ( l )  -  1 ,931 .92  X (3 )  +  3 .090 .4  X (7 )  
-  1 0 7 , 5 8 0 . 6  X ( 8 )  +  9 , 5 1 2 . 6  X ( 9 )  +  1 3 , 7 7 7 . 7  X d l )  
r- —  _ r .  j r  r c  k i r  c  ovM>u iwcv_ / i va i t aL iwn  u i  I tsj •  
Due  to  regress ion  6  83 ,617 ,488  13 ,936 ,248  9 -564  
E r ro r  15  21 ,857 ,040  1 ,457 ,136  
To ta l  21  105 ,474 ,528  
S ince  F  w i th  6 /15  d f  i s  4 . 14 ,  the  regress ion  i s  deemed  s ign i f i can t  
a t  the  . 01  l eve l .  
The  s tandard  e r ro r  o f  the  es t ima t ion  i s  1 ,207 .  
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The  coe f f i c i en t  o f  mu l t ip le  de te rmina t ion  i s :  
,  . .  3 3 , 6 I 7 , I i 8 8  _  
"  -  1 0 5 . W , 5 2 8  -
Tha t  i s ,  79 -3  pe rcen t  o f  the  va r i a t ion  exper ienced  in  the  co lumn 
he igh ts  was  exp la ined  by  th is  regress ion .  
A  " t "  t es t  o f  the  regress ion  coe f f i c i en ts  to  de te rmine  i f  the  
coe f f i c i en ts  a re  s ign i f i can t l y  d i f f e ren t  than  ze ro  y ie lded  these  resu l ts :  
Coe f f i  c i en t  1 l.|.l i Leve l  o f  s ign i f i cance  
b ( l )  1  . 562  . 20  
b (3 )  3 . 774  . 01  
b (7 )  2 . 119  .  10  
b (8 )  1 . 366  . 20  
b (9 )  3 . 966  . 01  
b ( l l )  1 .409  . 20  
The  s tandard  e r ro r  o f  the  es t ima t ion  i s  1 ,207 .  
The  con f idence  l im i ts  w i l l  no t  be  ca lcu la ted  he re ,  bu t  the  c -
mi l l +" I r \ l I o rc  a ro  c i i r \ r » l IoH  i n  R  nan ia  -hh -a - f -r r - '  w •  . . .w  
was  demonst ra ted  fo r  Y  =  f  | x ( l ) ,  X (3 ) ,  X (7 ) ,  X (9 ) |  can  be  employed  to  
ca lcu la te  con f idence  l im i ts  i f  des i red .  
The  inc rease  in  o f  th is  equa t ion  over  the  s imp le r ,  four -
va r i ab le  equa t ion  i  s  sma11 ,  and  o f  ques t  ionab1e  va l id i  t y  in  v iew '  o f  
the  nons ign i f i cance  o f  the  add i t iona l  coe f f i c i en ts .  
Us ing  the  shor te r  equa t ion  Y  =  f  | x ( l ) ,  X(3 ) ,  X (7 ) ,  X (9 ) |  ,  the  
es t ima ted  co lumn he igh ts  were  ca lcu la ted  fo r  the  M i l l e r  Creek  f i r es .  
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These  va lues  a re  compared  to  the  measured  va lues  in  t ab le  1 .  (Va lues  
a re  f ee t ,  m .s .1 . ) •  
I t  shou ld  be  no ted  tha t  the  e r ro r  va lues  in  t ab le  1  a re  a lmos t  
even ly  d is t r ibu ted  about  ze ro .  Summing  the  e r ro rs  a lgebra ica l l y  y i e lds  
an  overa l l  e r ro r  o f  +2  f ee t  fo r  a l l  the  f i r es  in  the  t ab le .  Th is  
ind ica tes  tha t  the  equa t ion  Y =  f  |x ( l ) ,  X(3) ,  X (7 ) ,  X (9 ) |  f i t s  the  da ta  
ve ry  we l1 .  
I n  word  fo rm,  the  equa t ion  i s :  
Co lumn he igh t  =  "5 ,578  
+ . 0 3 8 1  (F ree  A i r  Convec t ion  Leve l )  
- 2 , 183 .5  (w indspeed )  
+3 ,683 .9  
+10 ,634 .0  (square  roo t  o f  w indspeed )  
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Tab le  1 . - -P red ic ted  co lumn he igh ts  based  on  regress ion  th rough  the  mean  
Un i  t  P red  i  c t  ion  Observed  E r ro r  E r ro r  pe rcen t  
Fee t ,  m .s .1 .  Fee t ,  m .s .1 .  Fee t  
NOl  12 ,237  10 ,500  1 ,737  16 .5  
N06  11 ,397  13 ,500  - 2 , 103  15 .6  
N07  10 ,965  10 ,500  465  4 . 4  
N08  13 ,452  13 ,000  452  3 . 5  
N09  12 ,417  13 ,800  - 1 , 383  10 .0  
N13  14 ,077  16 ,200  - 2 , 123  13 .1  
m h  8 ,193  8 ,300  -107  1 .3  
N15  8 , 193  8 ,500  - 307  3 . 6  
E03  11 ,642  11 ,500  142  1 . 2  
EOi *  13 ,337  12 ,200  1  , 137  9 . 3  
E05  13 ,105  14 ,500  - 1 , 395  9 .6  
E lO  11 ,632  11 ,500  132  1 . 1  
E l4  11 ,632  11 ,500  132  1 . 1  
SOh  13 ,328  13 ,200  128  1 . 0  
S IO  13 ,328  14 ,000  - 672  4 .8  
WO i t  7 , 742  6 ,700  1 ,042  15 .6  
WOB 14 ,428  14 ,000  428  3 . 1  
WIO  14 ,544  13 ,500  1  , 044  7 . 7  
W12  12 ,192  11 ,000  1  , 192  10 .8  
WI3  12 ,192  10 ,500  1 ,692  16 .1  
WU 10 ,384  11 ,300  - 916  8 .1  
W15  10 ,384  11 ,100  - 715  
E  =  +2  
6 . 4  
Chapte r  6  
D ISCUSSION OF  RESULTS 
A  ma t te r  o f  i n te res t  i s  the  in f luence  o f  w indspeed  on  the  co lumn 
he igh t ,  accord ing  to  the  mode l .  For  d iscuss ion  purposes ,  the  mode l  i s  
p resen ted  be low  in  word  fo rm:  
Co lumn he igh t  =  "5 ,578 .3  
+ . 0 3 8 1  (F ree  A i r  Convec t ion  Leve l )  
- 2 , 183 .5  (w indspeed )  
+3 ,683 .9  Log^Q (BU I )  
+10 ,63^ .0  ( square  roo t  o f  w ind )  
No t i ce  tha t  the  coe f f i c i en t  o f  the  w indspeed  te rm i s  nega t i ve .  
Th is  says  tha t  the  g rea te r  the  sur face  w ind  i s ,  the  lower  i s  the  
ca lcu la ted  co lumn he igh t .  Con t ra r i l y ,  the  coe f f i c i en t  fo r  the  square  
roo t  o f  the  w ind  i s  pos i t i ve ,  i nd ica t ing  tha t  a  s t ronger  w ind  y ie lds  
a  g rea te r  ca lcu la ted  smoke  co lumn he igh t .  The  e f f ec t  o f  th is  re la t ionsh ip  
I  A.I I 1 C A I?.. n\ n_x._ may  111  l i i c  ow i u i m i i  \ Lau i^  rvppc i iu iyv  ^  I  •  i xwuc  
tha t  fo r  a  g iven  FACL  and  BU I ,  an  inc rease  o f  w ind  cor responds  to  a  g rea te r  
ca lcu la ted  co lumn he igh t  up  to  a  w indspeed  o f  about  6  m i l es  pe r  hour .  
Beyond  tha t  the  ca lcu la ted  he igh t  decreases .  Th is  i n f l ec t ion  po in t  shou ld  
be  recogn ized  as  no th ing  more  than  a  charac te r i s t i c  o f  the  f i t t ed  equa t ion .  
I t  shou ld  no t  be  cons t rued  to  be  a  s tandard  o r  ru le  o f  thumb.  
One  mus t  r ecogn ize  tha t  us ing  the  d ry  ad iaba t i c  l apse  ra te  to  
ca lcu la te  the  FACL  in t roduces  some  e r ro r .  The  d ry  ad iaba t i c  l apse  ra te  
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app l i es  to  d ry  a i r ,  and  smoke  I s  obv ious ly  no t  d ry  a i r .  However ,  scan t  
da ta  a re  ava i l ab le  to  assess  the  mo is tu re  con ten t  o f  the  co lumn gases  
f rom the  M i l l e r  Creek  f i r es ,  so  i t  i s  imposs ib le  a t  p resen t  to  account  
fo r  the  e f f ec t  o f  th is  mo is tu re  on  the  co lumn he igh ts .  The  p resence  o f  
wa te r  vapor  i n  a  r i s ing  gas  can  resu l t  i n  a  l esser  change  in  tempera tu re  
fo r  a  g iven  change  in  a l t i tude  than  i s  the  case  fo r  d ry  a i r .  The  hea t  
re leased  by  condensa t ion  i s  an  in te rna l  source  o f  energy  and  se rves  to  
warm a  pa rce l  o f  a i r  (Johnson  195^ ) .  Hav ing  no  o the r  da ta ,  d ry  
ad iaba t i c  coo l ing  was  assumed  in  the  ca lcu la t ions ,  recogn iz ing  tha t  some  
e r ro r  was  in t roduced  by  neg lec t ing  the  e f f ec t  o f  mo is tu re  i n  the  smoke .  
The  j us t i f i ca t ion  fo r  th is  s tudy  was  founded  on  i t s  con t r ibu t ion  
to  the  con t ro l  o f  a i r  po l lu t ion .  The  success fu l  p red ic t ion  o f  co lumn 
he igh ts  shou ld  be  an  ex t reme ly  va luab le  con t r ibu t ion .  However ,  t he re  
a re  l im i ta t ions  wh ich  must  be  cons ide red .  One  mus t  r ea l i ze  tha t  no t  
a l l  o f  the  smoke  i s  c rea ted  dur ing  the  ac t i ve  por t ion  o f  the  f i r e .  A  
f i r e  may  requ i re  many  hours  o r  even  days  to  burn  ou t  comple te ly ,  
r .nn^  I r ^h  1 ̂  amnt in tQ  n"F  *^3^ '  b0  dur iPQ th ls  b 'J rnC 'J t  ps r lod  
S ince  the re  i s  a  r e l a t i ve ly  sma l l  r a te  o f  energy  re lease  dur ing  burnout ,  
the  smoke  ac ts  l i ke  any  s l igh t l y  warmed  pa rce l  o f  sur face  a i r  and  i t s  
movement  i s  a lmos t  comple te ly  con t ro l l ed  by  loca l  me teoro log ica l  
cond i t ions .  Cramer  and  Graham^^  have  compi led  a  de f in i t i ve  se t  o f  
gu ide l ines  wh ich  r e la te  smoke  management  to  meteoro log ica l  cond i t ions .  
^^Cramer  and  Graham,  op .  c l t .  
ko  
The i r  gu ide l ines  shou ld  be  re fe r red  to  as  an  a id  in  con t ro l l i ng  the  smoke  
dur ing  the  burnout  por t ion  o f  a  f i r e .  In  essence ,  i t  shou ld  be  remembered  
tha t  the  t rad i t iona l  burn ing  t ime  in  the  Pac i f i c  Nor thwes t  co inc ides  w i th  
the  usua l l y  s tab le  l apse  ra tes  o f  au tumn.  Add ing  to  th is  p rob lem i s  the  
f ac t  tha t  fo res t  fue ls  tend  to  have  a  h igh  mo is tu re  con ten t  a t  th is  t ime  
o f  yea r .  The  r esu l t  i s  low  energy  f i r es  wh ich  p roduce  weak  co lumns  and  
may  smo lder  and  smoke  fo r  days .  Se lec t ion  o f  the  day  and  the  t ime  o f  day  
fo r  burn ing  i s  o f  pa ramount  impor tance  in  a f f ec t ing  good  smoke  d ispersa l .  
I t  seems  apparen t  tha t  some  changes  in  the  annua l  burn ing  schedu le  
w i l l  be  necessary  i n  o rder  to  burn  when  s t ronger  co lumns  can  be  genera ted  
and  cond i t ions  in  the  a tmosphere  a re  f avorab le  fo r  smoke  d ispersa l .  
When  fue ls  a re  d r i ed  ( the  BUI  i s  h igh )  f i r es  burn  w i th  a  h igh  in tens i ty  
and  burn  ou t  i n  a  shor t  pe r iod  o f  t ime .  As  a  r esu l t ,  smoke  i s  p rope l l ed  
to  a  h igh  a l t i tude  where  i t  i s  read i l y  d ispersed .  S ince  the  burnout  
pe r iod  i s  shor te r ,  the re  i s  l ess  to ta l  smoke  dur ing  the  low  In tens i ty  
por t ion  o f  the  f i r e .  In  add i t ion ,  l apse  ra tes  a re  conduc ive  to  h igh  
co lumns  dur ing  the  warmer  months  when  fue ls  a re  d ry ,  the  BUI  i s  h ign ,  
and  h igh  in tens i ty  f i r es  a re  poss ib le .  
A t  l eas t  20  fo rmu las  have  been  deve loped  wh ich  re la te  p lume  r i se  to  
va r ious  meteoro log ica l  and  nonmeteoro log ica1  va r i ab les .  Th is  s tudy ,  l i ke  
most  o the r  p lume  r i se  s tud ies ,  i s  based  on  f i t t i ng  an  equa t ion  to  smoke  
r i se  measurements .  The  f i t t ed  equa t ion :  
Y ( l )  =  - 5 , 578  +  . 0381  X{1 )  -  2 ,183 .6  X (3 )  +  3 ,683 .9  X (7 )  
+  10 ,634 .0  X (9 )  
i s  based  on  a  l im i ted  range  o f  the  va r i ab les ,  so  may  no t  be  va l id  beyond  
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the  ranges  o f  the  samples  used .  A l though  th is  mode l  i s  emp i r i ca l  i n  
na tu re ,  i t  i s  based  on  phys ica l  p r inc ip les  and  as  such  may  p rove  to  be  
more  genera l l y  use fu l  than  pure ly  emp i r i ca l  fo rmu las .  A l though  res t r i c ted  
in  un ive rsa l  app l i cab i l i t y  to  p lume  r i se  p rob lems ,  the  mode l  ho lds  p romise  
o f  l ead ing  to  a  so lu t ion  o f  a  spec i f i c  p rob lem o f  smoke  management  wh ich  
i s  na r row in  scope  bu t  ve ry  w ide  in  ex ten t .  I f  the  mode l  can  ass is t  i n  
con t ro l l i ng  the  smoke  f rom s lash  f i r es  o f  even  one  fo res t  t ype ,  i t  w i l l  
have  se rved  a  ve ry  use fu l  purpose .  
CONCLUSIONS 
The  mode l  deve loped  in  th is  s tudy :  
Y d )  =  - 5 , 5 7 8  +  . 0 3 8 1  X ( l )  -  2 , 1 8 3 . 6  X ( 3 )  +  3 , 6 8 3 . 9  X ( 7 )  
+  1 0 , 6 3 4 . 0  X ( 9 )  
employs  measurements  and  quan t i t i es  wh ich  a re  f ami l i a r  to  fo res t  l and  
managers .  The  va r i ab les  requ i red  a re  e i the r  rou t ine ly  ca lcu la ted  o r  a re  
ava i l ab le  as  spo t  fo recas ts  by  meteoro log is ts .  I t  shou ld  no t  be  cons t rued  
•  I  .  1 . .  I . . *  1 _  j _ ? _  I _ _  
L l t d L  I  U I I I M  I I C i y i I L d  I I I  U t l l C I  l U C I ^  a i l U  c l  t  U L I I C I  l U W O L I U l i a  V ^ a i l  u c  
ca lcu la ted  w i th  ce r ta in ty  w i th  th is  equa t ion .  The  on ly  c la ims  made  
fo r  the  mode l  a re  those  descr ibed  in  the  resu l ts  por t ion  o f  th is  paper .  
The  p lo ts  were  o f  a  l a rch - f i r  fo res t  t ype  in  wes te rn  Montana  and  the  
s tand  was  p rev ious ly  unmanaged .  The  ranges  o f  va r i ab les  examined  a re  
l i s ted  in  the  Append ices  (page  56 )  a long  w i th  the  spec i f i c  va lues  fo r  
each  p lo t  (  page  53  to  55 ) .  A l though  the  mode l  i s  no t  p resen ted  as  a  
p red ic t ion  equa t ion ,  the  ra the r  h igh  l eve l  o f  s ign i f i cance  o f  the  
regress ion  encourages  fu r the r  t es t ing  o f  the  mode l  a t  o the r  loca t ions  to  
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l end  ex tended  knowledge  o f  i t s  va l id i t y .  The  s imp l i c i t y  o f  the  equa t ion  
wou ld  make  a  l a rge  sca le  t es t  f eas ib le .  
The  advan tage  o f  us ing  a  s imp le ,  th ree -va r i ab le  equa t ion  i s  
demonst ra ted  in  t ab le  6 ,  Append ix  B ,  page  63 .  Th is  t ab le  was  genera ted  
by  a  shor t  compute r  p rogram and  i s  the  sor t  o f  t ab le  tha t  can  read i l y  
be  employed  by  men  i n  the  f i e ld .  A l l  tha t  i s  needed  i s  the  p resen t  
Bu i ldup  Index ,  the  F ree  A i r  Convec t ion  Leve l  p red ic t ion ,  and  the  w ind -
speed  ( 20  f ee t  above  the  sur face )  i n  m i les  pe r  hour .  By  en te r ing  the  
t ab le  on  the  cor rec t  FACL  page ,  the  es t ima ted  co lumn he igh t  can  be  found  
a t  the  junc tu re  o f  the  cor rec t  w indspeed  and  BU I .  On ly  two  pages  o f  the  
t ab le  a re  shown  fo r  demonst ra t ion  purposes .  The  t ab le  ranges  o f  the  w ind -
speed  and  BUI  p robab ly  cover  a l l  cond i t ions  when  burn ing  wou ld  be  
a t t empted .  The  l eng th  o f  the  t ab le  (number  o f  pages )  depends  on  how many  
va lues  o f  FACL  a re  deemed  necessary .  I n  v iew  o f  the  sma l l  change  in  
co lumn he igh t  fo r  a  change  in  FACL ,  a  t ab le  o f  va lues  fo r  each  1 ,000  
f ee t  o f  change  in  FACL  wou ld  be  more  than  adequa te .  
Chapte r  7  
FUTURE STUDIES  
Any  fu tu re  ex tens ion  o f  th is  co lumn he igh t  s tudy  shou ld  encompass  
a  range  o f  s lopes .  As  p rev ious ly  ment ioned ,  s lope  can  have  an  e f f ec t  
on  the  ra te  o f  spread  o f  a  f i r e  s im i l a r  to  tha t  o f  w ind .  I nc reas ing  
the  ra te  o f  spread  cou ld  inc rease  the  ra te  o f  fue l  consumpt ion .  The  
a t t endan t  inc reased  energy  re lease  cou ld  in f luence  the  co lumn he igh t .  
I n  v iew  o f  the  recogn ized  impor tance  o f  the  e f f ec t  o f  the  energy  
re lease  ra te  on  co lumn he igh t ,  i t  i s  log ica l  to  suspec t  tha t  the  s i ze  
o f  a  f i r e  has  a  cons ide rab le  e f f ec t  on  co lumn deve lopment .  I t  shou ld  
be  recogn ized  tha t  the  energy  re lease  ra te  pe r  un i t  o f  a rea  i s  wha t  i s  
commonly  r e fe r red  to  as  f i r e  in tens i ty ,  and  in tens i ty  i s  the  f ac to r  wh ich  
i s  i n f luen t i a l  i n  c rea t ing  a  h igh  energy  co lumn.  The  energy  re lease  
ra te  o f  the  who le  f i r e  t e l l s  ve ry  l i t t l e  about  the  In tens i ty  o f  the  
f i r e  un less  the  s i ze  o f  the  f i r e  i s  spec i f i ed .  A  g iven  amount  o f  to ta l  
*. ^ ^ - 1 ̂  ^ £7 . . r i i  ^  ^  J .  t i . . .  i . 1  j . i - _  
i i ^ a u  d  i i i c  w i i i  y i ^ i u  a  i  w w c  i  i i i u d i a i  u y  u i i a i i  L I I C  
same  to ta l  hea t  pe r  second  re leased  f rom a  sma l l e r  f i r e .  The  reason  fo r  
th is  i s  tha t  the  hea t  r e l ease  ra te  pe r  un i t  o f  a rea  i s  h igher  fo r  th is  
pa r t i cu la r  sma l l e r  f i r e .  The  resu l t  i s  tha t  the  co lumn f rom the  sma l l e r  
f i r e  may  we l l  go  h igher .  I t  i s  hea t  y i e ld  pe r  un i t  o f  a rea  pe r  un i t  o f  
t ime  ( in tens i ty )  tha t  i s  impor tan t .  The  re la t ionsh ip  be tween  f i r e  s i ze  
and  co lumn he igh t  fo r  a  g iven  in tens i ty  i s  no t  we l l  known ,  and  a  fu tu re  
k k  
ex tens ion  o f  t l i i s  s tudy  shou ld  inc lude  p rov is ions  fo r  ana lyz ing  the  
e f f ec ts  o f  f i r e  s i ze .  I t  wou ld  seem l i ke ly  tha t  l a rge r  f i r es  y ie ld  h igher  
co lumns  up  to  a  po in t .  The  gases  en t ra ined  in  the  co lumn a re  somewhat  
i so la ted  f rom the  ambien t  a i r  by  the  gases  a round  the  pe r ime te r  o f  the  
co lumn and  have  l ess  oppor tun i ty  fo r  coo l ing  by  m ix ing .  Fur the r  s tudy  
o f  co lumn he igh ts  shou ld  inc lude  a  range  o f  f i r e  s i zes  to  g ive  a  bas is  
fo r  compar ison  o f  the  e f f ec ts  o f  s i ze .  
A l though  the  co lumn he igh t  mode l  deve loped  in  th is  s tudy  does  
no t  emp loy  a l l  o f  the  va r i ab les  the  da ta  o f f e rs ,  any  fu tu re  use  o f  the  
mode l  shou ld  be  documented  i n  the  fo rm o f  ranges  o f  the  va r i ab les  no t  
requ i red  fo r  the  mode l  spec i f i ca l l y .  Tha t  i s ,  va lues  shou ld  be  recorded  
fo r  va r i ab les  wh ich  a re  no t  needed  fo r  ca lcu la t ing  the  co lumn he igh t ,  
bu t  wh ich  may  i n te rac t  w i th  mode l  va r i ab les  so  as  to  poss ib ly  l im i t  the  
range  o f  mode l  app l i ca t ion .  Fue l  l oad ings  and  fue l  mo is tu res  ( inc lud ing  
du f f  mo is tu re  con ten t )  pa r t i cu la r l y  shou ld  be  recorded .  Va lues  fo r  some  
o f  these  va r i ab les  a re  no t  eas i l y  ob ta ined  a t  the  p resen t  t ime .  For  
example ,  the  we igh t  o f  the  fue l  to  be  burned  i s  an  unknown wh ich  a t  p resen t  
requ i res  a  l eng thy  and  cos t l y  f i e ld  inven to ry  to  accura te ly  quan t i f y .  
Th is  obs tac le  shou ld  be  removed  i n  the  near  fu tu re  as  ana lyses  a re  
comple ted  wh ich  re la te  da ta  i n  s tandard  Compar tment  Examina t ions  (S tage  I ! )  
to  fue ls  wh ich  resu l t  when  an  a rea  i s  c lea rcu t  logged .  I n fo rmat ion  shou ld  
be  ava i l ab le  by  ea r l y  summer  o f  1970  tha t  w i l l  p rov ide  a  l i nk  be tween  
rou t ine ly  co l l ec ted  in fo rmat ion  and  the  fue l  pa ramete rs  needed  to  
descr ibe  the  cond i t ions  under  wh ich  the  co lumn he igh t  mode l  i s  t es ted .  
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The  ana lys is  i s  be ing  per fo rmed  as  pa r t  o f  the  p rescr ibed  f i r e  s tudy  a t  
the  Nor the rn  Fores t  F i re  Labora to ry .Fue l  mo is tu re  measurements  may  
a l so  be  s imp l i f i ed  in  the  near  fu tu re  i f  e lec t ron ic  measur ing  techn iques  
now under  t es t  p rove  to  be  r e l i ab le .  
The  e f f ec t  o f  w inds  a lo f t  i s  a  compl ica t ing  f ac to r  wh ich  more  
p roper ly  comes  under  the  head ing  o f  d ispers ion  ( ra the r  than  u l t ima te  
he igh t )  o f  co lumn gases .  One  o f  the  i n i t i a l  assumpt ions  th is  paper  
made  was  tha t  the  smoke  co lumn cou ld  be  cons ide red  as  a  so r t  o f  smoke  
s tack  (a  con t inuous  po in t  source ) .  Th is  assumpt ion  becomes  l ess  and  l ess  
va l id  as  the  smoke  nears  amb ien t  t empera tu res .  As  the  coo l ing  mechan ism 
becomes  meteoro log ica l  i n  na tu re ,  the  smoke  f a l l s  under  the  in f luences  o f  
w ind  and  l apse  ra te  combina t ions  wh ich  resu l t  i n  the  va r ious  common 
d ispers ion  pa t te rns .  The  ne t  r esu l t  i s  tha t  the  phenomena  o f  fumiga t ing  
o r  loop ing  may  r esu l t  (S lade  1968 ) .  Th is  means  tha t  the  smoke  may  be  
d r i ven  upward  o r  downward  (o r  bo th )  f rom the  a l t i tude  i t  wou ld  have  
reached  under  w ind less  cond i t ions .  The  co lumn i s  l i ke ly  to  reach  a  
r l i f f o r o n i "  v Arr\r\r\\ "? h o i n h f -  \ A / h o n  c t -  u / I n H c  
J  - J - —  .  . . w - . g - . w  
premature ly  change  the  ve r t i ca l  mot ion  in to  hor i zon ta l  mot ion .  A t  tha t  
po in t  i t  becomes  a  p rob lem o f  d ispers ion  wh ich  i s  bes t  hand led  separa te ly  
f rom the  p rob lem o f  co lumn he igh t  ca lcu la t ions .  S tud ies  a re  in  p rogress  
to  descr ibe  the  d ispers ion  and  d i f fus ion  o f  smoke  f rom s lash  f i r es .  
The  success fu l  comple t ion  o f  those  s tud ies  w i l l  a f fo rd  an  oppor tun i ty  to  
^ '^Beau fa i t ,  op .  c i t .  
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compare  and  conso l ida te  in fo rmat ion  w i th  th is  co lumn he igh t  s tudy  in  such  
a  way  as  to  descr ibe  the  behav io r  o f  a  f i r e  co lumn f rom i t s  source  to  
any  po in t  o f  i n te res t  down  range .  Th is  ab i l i t y  to  descr ibe  the  to ta l  
p robab le  smoke  co lumn behav io r  i s  fundamenta l  t o  any  p rogram o f  s lash  f i r e  
smoke  con t ro l .  
Chapte r  8  
SUMMARY 
A  regress ion  equa t ion  invo lv ing  the  max imum F ree  A i r  Convec t ion  
Leve l ,  the  sur face  (20  f ee t )  w indspeed ,  and  the  Na t iona l  F i re -Danger  
Ra t ing  Sys tem Bu i ldup  Index  can  be  used  to  ca lcu la te  p robab le  co lumn 
he igh ts .  Based  on  22  exper imenta l  f i r es ,  a  mu l t ip le  regress ion  ana lys is  
accounts  fo r  75  pe rcen t  o f  the  va r i a t ion  in  u l t ima te  co lumn he igh ts  
exper  i  enced .  
The  exper imenta l  f i r es  burned  s lash  f rom c lea rcu t t ing  a  mature  
l a rch - f i r  fo res t .  Burn ing  was  conduc ted  under  a  w ide  range  o f  fue l  
and  wea ther  cond i t ions  f rom May  th rough  Oc tober .  
A l though  the  regress ion  equa t ion  may  no t  be  un ive rsa l l y  app l i cab le  
to  a l l  s lash  burn ing ,  i t s  use  i s  encouraged  in  o rder  to  a f fo rd  an  ex tended  
f i e ld  t es t .  Co lumn he igh t  t ab les  fo r  f i e ld  use  may  be  eas i l y  genera ted  
by  a  shor t  compute r  p rogram.  
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APPENDIX  A  
Po ten t i a l  Hea t  Y ie ld  (Ava i l ab le  Energy )  
Dav is  ( 1959 )  has  worked  ou t  an  energy  budge t  fo r  the  combust ion  
o f  1  pound  o f  wood  fue l  wh ich  accounts  fo r  the  wa te r  con ta ined  in  the  
fue l .  By  emp loy ing  th is  energy  budge t  w i th  the  M i l l e r  Creek  da ta  fo r  
the  th ree  fue l  c l asses ,  the  hea t  energy  ava i l ab le  f rom a l l  o f  these  
fue ls  on  each  s tudy  un i t  can  be  ca lcu la ted .  
The  ca lcu la t ion  proceeds  as  fo l lows  fo r  each  c lass  o f  fue l :  
Each  pound  o f  fue l  con ta ins  a  g iven  amount  o f  po ten t i a l  
energy  (de te rmined  by  bomb ca lo r ime te r  t es ts  a t  the  
Nor the rn  Fores t  F i re  Labora to ry ) .  Th is  i s  the  energy  wh ich  
wou ld  be  re leased  i f  the  ovendry  wood  were  comple te ly  
burned .  Le t  th is  be  
F rom th is  va lue  we  must  sub t rac t  the  energy  losses  
due  to  wa te r  i n  the  fue ls .  These  a re :  
1 .  R d  i  S  j  i i y  L U C  L c m p c  I  d  L u  i  6  o T  L l i c  W d L c i  T r u i i i  
ambien t  to  bo i l i ng  tempera tu re .  
( 1  B . t .u . / l b . / °F . )  X ( 212°  -  p resen t  t empera tu re )  x 
mois tu re  con ten t  ( f r ac t iona l )  
2 .  Separa te  bound  wa te r  f rom wood  (hea t  o f  
desorp t ion ) .  G iven  by  Dav is  as :  
h S  
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Mois tu re  con ten t  
Pe rcen t  
Hea t  o f  desorp t ion  
B . t .u .  
0 
10 
25  
50  
100  
0 
31  
48  
50  
50  
3 .  Vapor i za t ion  o f  the  wa te r :  
=  (972  B . t .u . / I b . ) ( f f ac t iona1  mois tu re  con ten t )  
4 .  Hea t ing  o f  vapor  f rom bo i l i ng  tempera tu re  to  
f l ame  tempera tu re  ( approx imate ly  1 ,600°  F .  -  212°  F . ) :  
=  (700  B . t .u . / I b . ) ( f r ac t iona1  mois tu re  con ten t )  
5 .  Vapor i za t ion  o f  wa te r  o f  reac t ion  (based  on  
•559  pounds  o f  wa te r  pe r  pound  o f  wood) .  
G iven  as  5^3  B . t .u . / l b .  o f  wood .  
The  to ta l  o f  1  t h rough  5  above  i s  then  sub t rac ted  
f rom H[^  t o  g ive  the  po ten t i a l  energy  y i e ld  f rom each  
pound  o f  fue l .  A  nomina l  l oss  o f  8OO B . t .u .  i s  
sub t rac ted  to  account  fo r  rad ia t ion  losses ,  and  the  
f i na l  resu l t  i s  the  po ten t i a l  hea t  y i e ld  pe r  pound  o f  
fue l .  Mu l t ip ly ing  the  po ten t i a l  hea t  y i e ld  by  the  
fue l  load ing  on  the  un i t  y i e lds  the  to ta l  po ten t i a l  
energy  con ta ined  in  the  fue ls  in  each  o f  the  th ree  
c lasses .  
F ina l l y ,  summing  the  va lues  fo r  the  th ree  fue l  
c l asses  g ives  a  g rand  to ta l  o f  the  po ten t i a l  hea t  
energy  represen ted  by  the  0  to  10  cen t ime te r  tw igs  and  
the  need les  on  the  en t i re  f i r e  s i t e .  
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These  computa t ions  were  accompl ished  by  a  compute r  p rogram wh ich  
ava i l ab le  fo r  fu r the r  use .  The  resu l t ing  po ten t i a l  hea t  y i e ld  va lues  
1 i  s ted  i  n  t ab le  k .  
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Tab le  2 . - -H igh  hea t  con ten t  o f  fue ls  (B . t .u . / ]b . )  
0 -1  cm.  d iamete r  1 -5  cm.  d iamete r  Need les  
Ponderosa  p ine  
Doug las - f i  r  
F i  r  
La rch  
Spruce  
9 , 798  
9 ,422  
8 , 6 1 8  
9 ,667  
9 ,350  
9 ,409  
9 ,215  
8 ,521  
8 ,605  
9 ,210  
9 ,300  
9 , 0 1 6  
8 .477  
8 ,020  
9 , 1 8 0  
Tab le  3 - "~Fue l  da ta  
Fue l  Fue  1  Fue l  Fue l  Fue  1  Fue  1  
Un i t  we igh t  mo i  s tu rs :  we i  gh t  mo i  s tu re :  we i  gh t :  mo i  s tu re  Du f f  
No .  0 -1  cm.  0 -1  cm.  1 -10  cm.  1 -10  cm.  need les  need  1es  mo i  s tu re  
G . /m .^x lO^  Percen t  G . /m .^x lO^  Percen t  G . /m .^x l0^  Percen t  Pe rcen t  
m k  2 .5658  13 .67  21 .6251  15 .67  3 .1137  13 .33  87 .3  
N06  1 .8661  15 .67  27 .4271  19  = 83  2 . 4086  26 .89  81  . 3  
N07  3 .3585  12 .33  23 .3860  36 .66  4 .0093  15 .78  45 .0  
N08  3 .0211  15 .67  35 .3988  19 .83  3 .8869  26 .89  81 .3  
N09  2 .2283  10 .00  12 .1622  17 .50  2 .9368  7 .56  68 .0  
N13  3 . \ 2 k 3  13 .50  10 .8172  17  = 50  3 . 7152  9 .  44  94 .7  
N lA  2 , S k 3 8  26 .33  23 .6847  27 .67  3 .7598  21  . 56  97 .3  
N15  3 .05^3  26 .33  15 .3266  27 .67  3 .6236  21  . 56  97 .3  
E03  2 . 9987  20 .83  18 ,4248  25 .67  3 .3670  7 .00  54 .3  
EO^  3 . 7 7 S 2  16 .83  23 .3283  38 .67  4 .7465  13 .00  76 .7  
E05  2 .8762  12 .33  28 .8668  20 .00  3 .5516  5 .89  76 .3  
E lO  2 .9332  14 .83  19 .4041  17 .33  3 .5392  14 .67  54 .7  
E ] i t  2 . 9980  -  14 .83  20 .6089  17 .33  3 .6190  14 .67  54 .7  
SOk 2 .3319  9 .33  32 .0736  18 .00  2 .9987  6 .44  70 .7  
S IO  3 .2180  9 .33  22 .1543  18 .00  4 .1101  6 .44  70 .7  
WO 4  2 . 9578  18 .17  15 .8778  29 .00  2 .9467  18 ,67  99 .0  
woe  4 .0015  14 .67  10 .3348  33 .67  4 .7983  10 .67  85 .0  
WIO 1 .9180  7 .50  24 .7888  9 .00  2 .4390  7 .00  41 .0  
W12  2 . 6162  17 . 00  21 .0665  21  . 83  3 .0456  29 .33  84 .3  
W13  2 . 8951  17 .00  1K9518  21  . 83  2 .9377  29 .33  84 .3  
W14  2 . 5590  17=17  21 .4690  24 .00  2 .9078  19 . 11  96 .7  
W15  2 . 2879  17J7  11  „  1961  24 .00  2 .7786  19 .11  96 .7  
vn  
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Tab le  - -Wate r -can  we igh t  loss  and  po ten t i a l  hea t  y i e ld  
Po ten t  i  a  1  Po ten t  i  a  1  
Un i t  Wate r  hea t  y i e ld ;  hea t  y i e ld :  
No .  l oss  0 -1  cm.  +  need les  0 -10  cm.  +  need les  
Grams  B . t .u .  X  10"  B . t .u .  X  10^  
m h  496 .81  2 .6599  3 .19732  
N06  302 .91  1 .4720  4 .13912  
N07  241 .50  2 .5658  3 .1331  1  
N08  266 .33  2 .0237  5 .44791  
N09  687 .53  1 . 8510  2 .07634  
N13  609 .19  1 .7488  1 .74876  
N14  125 .89  2 .3614  3 .53096  
N15  136 .97  2 .3013  2 .20359  
E03  936 .86  3 .2126  2 .50906  
E04  479 .83  4 .3503  3 .60255  
E05  52^1 .53  3 .5026  4 .26032  
ElO  415 .14  2 .6285  2 .78429  
E14  278 .75  2 .4572  2 .76215  
S04  407 .00  1 . 6726  4 .76706  
SIO  614 .89  2 .3913  3 .30307  
WO 4  52 .53  2 .3741  1 .57272  
WO 8  512 .94  3 .6751  1 .70912  
WIO  519 .33  1 . 6598  3 .81018  
W12  555 .83  2 .3149  2 .73007  
W13  266 .36  1 .8785  1 .48679  
WU 263 .53  1 .8615  2 .80316  
W15 228 . 44  1 . 4780  1 .67549  
Tab la  5 - " "Co lumn he igh ts  and  meteoro log ica ]  cond i t ions  
Co lumn Co lumn F ree  a  i  r  F ree  a  i  r  
Un i t  he igh t  he igh t  convec t  i  on  convec t  i  on  Bu  i 1dup  
No .  m .  s  .  1  .  a .  t .  13ve1  (m .s .1 . )  l eve l  ( a . t . )  Sur face  w indspeed  1 ndex  
Fee t  Fee t  Fee t  Fee t  Me te rs /sec .  M .p .h .  
NO^t  10 ,500  5 ,900  6 ,700  2 ,100  1  . 341  3 . 0  35  
N06  13 ,500  8 ,900  6 ,000  1  , 400  1 .118  2 .5  29  
N07  10 ,500  5 ,900  10 ,800  6 ,200  4 .470  10 .0  15  
N08  13 ,000  8 ,400  6 ,000  1  , 400  1 .118  2 .5  29  
N09  13 ,800  8 ,800  11 ,200  6 ,200  . 922  2 .  1  70  
N13  16 ,200  11  , 200  15 ,010  10 ,010  3 .125  7 . 0  49  
N l^  8 ,300  4 ,100  6 ,150  1  , 950  . 447  1  . 0  24  
N15  8 , 500  4 ,300  6 ,150  1  , 950  . 447  1 .0  24  
E03  11 ,500  6 ,100  11 ,000  5 ,600  6 .260  14 .0  114  
EOk 12 ,200  6 ,800  6 ,500  I  ,  100  4 . 447  10 .0  72  
E05  1^< ,500  9 , 100  14 ,800  9 ,400  4 .021  9 . 0  39  
E10  n ,500 6 ,700  3 ,300  0  1 .341  3 . 0  26  
E]k 11 ,500  6 ,600  3 ,300  0  1 .341  3 . 0  26  
SOk 13 ,200  8 ,600  15 ,950  11 ,350  3 .125  7 .0  30  
S IO  U ,000  9 ,200  15 ,950  11 ,150  3 .125  7 .0  30  
WO i f  6 , 700  2 ,300  6 ,400  2 ,200  . 447  1  . 0  18  
WO 8  14 ,000  9 ,200  13 ,000  8 ,200  3 .125  7 .0  64  
W10  13 ,500  8 ,700  13 ,300  8 ,500  2 .235  5 .0  68  
W12  11  , 000  6 ,200  9 ,300  4 ,500  1 .341  3 . 0  32  
W13  10 ,500  5 ,900  9 ,300  4 ,300  1 .341  3 . 0  32  
WH 11  , 300  6 ,700  9 ,000  4 ,400  . 894  2 . 0  22  
W15  1  1  , 100  6 ,500  9 ,000  4 ,400  . 894  2 . 0  22  
v-n 
Ul  
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Ranges  o f  Va r iab les  a t  M i l l e r  Creek  
Independent  va r i ab le  
Wate r -can -we igh t  loss  (g  . )  
Po ten t i a l  hea t  y i e ld  (O - l  cm.  +  need  1es ) (B . t .u . )  
Po ten t i a l  hea t  y i e ld  (O - IO  cm.  +  need  1es )  (B . t .u . )  
0 -1  cm.  fue l  we igh t  (g . /m .^ )  
1 -10  cm.  fue l  we igh t  (g . /m .^ )  
Need le  we igh t  (g . /m .^ )  
Mo is tu re  con ten t  o f  0 -1  cm.  fue ls  (pe rcen t )  
Mo is tu re  con ten t  o f  1 -10  cm.  fue ls  (pe rcen t )  
Mo is tu re  con ten t  o f  need les  (pe rcen t )  
Mo is tu re  con ten t  o f  upper  du f f  (pe rcen t )  
Wind  ve loc i t y  (m .p .h . )  
Bu  i 1dup  Index  
F ree  A i r  Convec t ion  Leve l  ( f t .  m .s . l . )  
F ree  A i r  Convec t ion  Leve l  ( f t .  above  t e r ra in )  
A i r  t empera tu re  a t  t ime  o f  f i r e  ( °  F . )  
Dependent  va r i ab le  
Co lumn he igh t  ( f t .  above  m .s . l . )  
Co lumn he igh t  ( f t .  above  t e r ra in )  
Range  
53  to  937  
1 .4720  X  10^  to  
4 .3503  X  10®  
1 .57272  X  10^  to  
5 .4479  X  10^  
187  to  400  
1 ,033  to  3 .539  
241  to  480  
7 .5  to  26 .0  
9 . 0  to  38 .0  
6 .4  to  29 .3  
41 .0  to  99 .0  
1 .0  to  14 .0  
15  to  114  
3 , 300  to  15 ,950  
0  to  11 ,350  
45  to  79  
6 ,400  to  15 ,950  
2 ,300  to  11 ,200  
APPENDIX  B  
Ca lcu la t ions  Lead ing  to  F  Tes t  o f  Va r iab les  
w i  t i l  Nons ign i f i can t  Regress ion  Coe f f i c i en ts  
Var iab les  in  the  mode l :  X (3 ) ,  X (4 ) ,  X (9 )  
(RMSQR) (MSy)  =  MS (E r ro r )  
( . 3375 )  ( 5 , 022 ,597 )  =  1 ,695 ,126  
MS (E r ro r )  x  d f  (E r ro r )  =  SS  (E r ro r )  
1 , 6 9 5 , 1 2 6  X  1 8  =  3 0 , 5 1 2 , 2 6 8  
Tota l  SS  =  105 ,^7^ ,540  
SS  (E r ro r )  =  30 .512 ,268  
SS  (due  to  3 ,  9 )  =  74 ,962 ,272  
F  Tes t  o f  Var iab les  w i th  Nons ign i f i can t  Regress ion  Coe f f i c i en ts  
Source  d f  SS  MS 
Reduc t  i  on  due  to  1 ,  2 ,  3 ,  4 ,  9 ,  11  6  84 ,308 ,688  
Reduc t  i  on  due  to  3 ,  4 ,  9  3  74 ,962 ,272  24 ,987 ,424  
Gd  1 11  U U C  Lu  1  ,  2 ,  1  i  a f t e r  3 ,  4 ,  5  5  9 ,346 ,416  3 , i 15 ,472  
Er ro r  15  21 ,165 ,840  1 ,411 ,056  
To ta  1 21  105 ,474 ,540  
Tes t  o f  ga in  due  to  X ( l ) ,  X (2 ) ,  and  X (11 )  a f t e r  X (3 ) ,  X (4 ) ,  and  
X (9 )  a re  in  the  mode l :  
*^ (3 ,  15 )  ^ ' 41^^056  ~  s ign i f i can t  a t  a  =  . 05 )  
57  
58 
Tes t  o f  the  reduc t ion  due  to  X (3 ) ,  X (A ) ,  and  X (9 )  on ly :  
^(•3 ic\ = 24,987,^2^ / . .r. 
v3 ,  15 )  — j—jpp i—= 17 .71  ( s ign i f i can t  a t  a  =  . 01 )  
9  =  7^ .962 ,272  ^  
105 ,^7^ ,5^0  
S tandard  e r ro r  o f  es t ima te  =  "V MSQR (T7 t^ )  
Wi th  X (3 ) ,  X (4 ) ,  and  X (9 )  i n  the  mode l  
MSQR (E r ro r )  =  30 ,512 ,256  =  1 ,695 ,125  
—rs— 
Standard  e r ro r  =  1  , 302  f ee t  
Ca lcu la t ion  o f  Conf idence  L im i ts  fo r  the  Regress ion  Equa t ion  
Y  =  f  [ x ( l ) ,  X (3 ) ,  X (7 ) ,  X (9 ) j  
The  equa t ion :  
Y  =  - 5 , 578 .3047  +  . 038 I  X(1 ) 'V  -  k , 8 b k . 7 3  X(3 )  +  3 , 6 8 3 . i i 7  X(7 )  
+  15 ,908 .5  X (9 )  
"No te ,  X (3 )  mus t  be  in  mete rs /second  fo r  th is  equa t ion .  
S tandard  e r ro r :  Sy  =  " \ /E r ro r  MSQR =  "V1 .537649E06  
Sy  =  1  , 240 .0  
The  e f f ec t  o f  X ( l )  as  a  p red ic to r  o f  Y  w i th  the  o the r  va r i ab les  
he ld  a t  the i r  means  i s ;  
Y  =  - 5 , 578 .3  +  .0381  X ( l )  -  4 ,8«4 .7  ( 2 . 133 )  +  3 ,683 .9  ( 1 . 537 )  
+  15 ,908 .5  ( 1 . 366 )  
whe  r e :  
X (3 )  =  X j j f  =  2 .  133  
X (7 )  =  X (7 )  =  1  . 537  
X (9 )  =  X (9 )  =  1  . 366  
Y now becomes:  
Y  =  +11 ,395 .8  +  . 0381  X ( l )  
Va lues  can  now be  ass igned  to  X ( l )  
Le t :  
x ( i )  =  r n r  -  S .E .  o f  XCD =  . 5000  x  10^+  
x ( l )  =  TTiT =  1 . 191^  X  10"+  
x ( l )  =  TUT + S . E .  of  X (1 )  =  2 .3328  X 10 '+  
Th i  s  y i e lds :  
X ( l )  £  
. 5000  X  10^  11  , 586 .3  
1 . 1 9 1 4  X  1 0 ^  1 1  , 8 4 9 . 7  
2 . 3328  X  10^+  12 ,284 .6  
The  con f idence  in te rva l  about  any  va lue  o f  Y  can  be  ca lcu la ted  f rom 
t (n ,  l - l / 2a )  Sy  V xq '  ( X ' X ) "1  X ^  
where  t | 22 ,  l - l / 2 ( . 05 ) )  =  2 .110  =  ^ ^  ^  .  
and  (X 'X ) "^  i s  the  vec to r  o f  va lues  somet imes  re fe r red  to  as  the  
' 'C j j  mu l t ip l i e rs ' "  and  A q *  i s  a  vec to r  o i  vd iueb  lu i  L l i c  iNucpcr iucn t  
va r i ab les  (p lus  the  cons tan t ) .  
The  "c i j  mu l t ip l i e rs"  fo r  th is  regress ion  a re :  
c , =  . 3 7 7 5 4 8 4 4  E - 0 9  
c , J  =  C3  ,  =  . 2714667 )  E - 05  
c ,  ^  =  cy  J  =  - . i t 5421223  E -06  
c ,^9  =  =  - . 85425263  E - 05  
c ,  ̂ u  =  1  =  . 20812813  E -05  
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""3 ,3  "  .71160847  
^3 ,7  =  C 7 J  =  -5 .2758805  E -01  
"^3 ,9  "  c g  J  =  - 2 ]  I 5 8 H 7  EOl  
^3 , u  =  c ^JJ  =  .U217625EOI  
^7 ,7  =  .13^926622E01  
^^7 ,9  "  c s , 7  =  - .H4839A7  
C7 , u  =  ^ u , 7  =  - •  175830 i i 6E01  
^9 ,9  =  .65302496E01  
' ^9 , u  =  ^u ,9  "  - •^0846987E01  
' ' U  , U  . 52718678EOI  
The  te rms  X q ' ( X ' X )  ^ X q  are :  
c , ^ ,  X ( l ) 2  +  X ( 3 ) 2  +  X ( 7 ) ^  +  X ( 9 ) ^  +  ( 1 . 0 ) 2  
+  2 c] ^3  X ( 1 ) X ( 3 )  +  2c ,^7  X ( 1 ) X ( 7 )  +  2c^  g X ( l ) X ( 9 )  
+  2 c , ^ u X ( l ) ( 1 . 0 )  +  2 c 3 ^ 7 X ( 3 ) X ( 7 )  +  2 C 3 ^ g X ( 3 ) X ( 9 )  
+  2c3^^X(3 )  ( 1 . 0 )  +  2c7^9X(7 )X (9 )  
+  2c7^^ jX (7 )  ( 1 . 0 )  +  2c9^uX(9 )  ( 1  . 0 )  
X ( 1 )  X (3 )  X (7 )  X (9 )  Cons tan t  t e rm 
.BOOQEOk 2 .  133  1  . 537  1 .366  1 .0  
1  .  19HE0 i |  2 . 133  1 .537  1 .366  1 . 0  
2 . 3328E0 i i  2 . 133  1 .537  1 .366  1 . 0  
61 
so  X q ' ( X ' X ) " ^ X q  becomes:  
. 3775E-09  X ( l ) 2  +  . 7116  ( 2 . 133 ) 2  +  1 .3^9  ( 1 . 537 ) 2  +  6 .530  ( 1 . 366 ) 2  
+  5 . 2 7 2  ( 1 . 0 ) 2  +  2 ( . 2 7 1 5 E 0 5 )  ( 2 . 1 3 3 )  x ( l )  -  2 ( . k 5 k E - o e )  ( 1 . 5 3 7 )  X ( l )  
- 2 ( . 8543E-05 )  ( 1 . 366 )  X ( l )  +  2 ( . 208E-05 )  ( l . O )  X ( l )  -  2 ( . 528E-01 ) (2 .133 )  
( 1 . 537 )  -  2 (2 .12 ) (2 .133 ) ( 1 .366 )  +  2 ( 1 .A22 )  ( 2 . 133 )  ( 1 . 0 )  -  2 ( . 145 ) (1 .537 )  
( 1 . 366 )  -  2 (1 .758 ) (1 .537 ) (1 .0 )  -  2 ( i< .085 )  ( 1 . 366 )  ( 1 . 0 )  
co l l ec t ing  te rms ,  one  ge ts :  
Xo ' (X 'X ) - iXo  =  .106  -  .897E-05  X ( l )  +  . 3775E-09  X ( l ) 2  
For  the  th ree  va lues  o f  X ( l ) :  
x ( i )  ( x ' x ) - iXo  
.5OOEO4  1 , 030 .86  
\.\S\kEOk 585.02 
2 .3328EOA 837 .25  
The  con f idence  l im i ts  a re :  
Y  ±  tSyVXo '  (X 'X ) - lXo  
X (1 )  95  pe rcen t  con f idence  l im i ts  o f  Y  
5 , 000  i 0 , 555  ^  1  ^  i2 ,6 i7  
11 ,914  11 ,265  <  Y  <  12 ,435  
23 ,328  11  , 447  1  Y ;<  13 ,122  
A  s im i l a r  p rocedure  can  be  fo l lowed  fo r  X (3 ) ,  X (7 ) ,  and  X (9 ) .  
I n  th is  equa t ion  X (9 )  i s  ac tua l l y  a  func t ion  o f  X (3 ) ,  so  one  has  to  
c a l c u l a t e  t h e m  a s  o n e  v a r i a b l e .  B y  s o  d o i n g ,  t h e  v e c t o r  X q ' ( X ' X ) ~ ^ X q  
becomes:  
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. 7 1 1 6  x ( 3 )2  +  9 .2767  x (3 )  -  8 . 8 l 896V^  -  ^ .232X(3 )^ -5  
O therw ise ,  the  p rocedure  i s  the  same  as  fo r  X ( l ) .  
The  C f j  mu l t ip l i e rs  fo r  the  regress ion  equa t ion  
Yd )  =  f  ( x ( l ) ,  x (3 ) ,  X (7 ) ,  X (8 ) ,  x (9 ) ,  Xdo )  
a r e :  
c ,J  =  .38327697  E -09  
C ] , 3  =  . 3 3 5 4 7 5 5 8  E - 05  
=  - . 6 9 2 2 9 0 4 8  E - 06  
g  =  . 1 2 0 2 9 9 8 0  E - 03  
C | I I O 8 6 7 I 7  E - 0 4  
c i j i  =  . 7 1 2 5 7 2 0 0  E - 05  
C 3 J  =  . 9 0 0 1 1 7 7 0  
' 3 , 7  
18807280  
C 3 ^ 8  "  - - 7 9 2 4 9 5 1 3  
' 3 , 9  
• 2 . 7 7 O 6 0 9 9  E - 0 1  
C 3 J ]  =  . 3 3 7 3 3 5 4 9  E - 0 1  
C 7 J  =  . 1 4 6 0 1 7 9 3  E - 0 1  
C 7 ^ 8  =  . 8 2 2 8 0 7 9 8  E - 0 1  
C7 ,9  =  . 30517250  
C 7 J ,  =  . 2 6 9 0 9 9 5 2  E - 0 1  
= 8 , 8  =  . 4 2 5 8 4 2 1 9  E - 0 4  
^ 8 , 9  "  - 8 3 5 0 0 5 0 9  E - 0 1  
= 8 , 1 1  =  - 6 3 9 3 8 2 2  E - 03  
=  . 8 8 3 3 4 6 5 6  E - O I  
cg j i  =  - . 11326192  E - 02  
= 1 1 , 1 1  =  . 6 5 6 3 6 5 2 0  E - 0 2  
c , ^ i j  =  . 1 4 7 5 1 4 4 9  E - 05  
' = 3 , u  '  - 1 4 8 8 0 7 5 3  E - 0 1  
^ 7 , u  '  - 8 5 7 6 7 3 6  E - 0 1  
= 8 , u  '  - - 2 9 0 3 9 2 4 6  E - 0 2  
C9^u  =  - . 42399645  t -O i  
c i i ^ u  =  . 2 1 9 8 8 7 5 4  E - 0 1  
= u , u  =  - 5 4 8 9 5 8 9 7  E - 0 1  
Tab le  6a . '—Column he igh t  t ab les  ( va lues  a re  f ee t ,  mean  sea  l eve l )  F ree  A i r  Convec t ion  Leve l ,  
3 , 000  f ee t  mean  sea  l eve l  
Bu i Idup  Index  
Wi  nd  10  35  60  85  110  135  160  185  210  235  260  
M .p .h .  
0  3019  7634  9619  10902  11852  12607  13232  13767  14234  14649  15021  
1  11471  16086  180  72  19355  20305  21059  21685  22220  22687  23101  23474  
2  13694  18309  20234  21577  22527  23282  23907  24442  24909  25324  25695  
3  14810  19506  21491  22774  23724  24479  25105  25639  26106  26521  26893  
h  15557  20172  22138  23441  24391  25145  25771  26303  26773  27187  27560  
5  15884  20499  22435  23768  24718  25472  26098  26633  27100  27514  27887  
6  15971  20586  22571  23855  24804  25559  26185  26720  27187  27601  27973  
7  15875  20490  22475  23759  24708  25463  26089  26624  27090  27505  27877  
8  15634  20249  22235  23518  24468  25222  25848  26383  26850  27264  27637  
9  15276  19891  21876  23159  24109  24864  25489  26024  26491  26906  27278  
10  14818  19433  21419  22702  23652  24406  25032  25567  26034  26448  26820  
11  14276  18891  20877  22160  23110  23864  24490  25025  25492  25906  26279  
12  13661  18276  202S2  21545  22495  23249  23875  24410  24877  25291  25664  
13  12982  17597  19533  20866  21816  22570  23196  23731  24198  24612  24985  
U  12246  16861  18847  20130  21080  21834  22460  22995  23462  23876  24247  
15  11459  16074  180  oO 19343  20293  21047  21673  22208  22675  23089  23462  
ON 
i  nd  
-P -
0 
1 
2 
3  
4  
5  
6 
7  
8 
9  
10  
11  
1 2  
13  
] k  
15  
260 
15516  
23969  
26191  
27388  
28055  
28382  
28469  
28373  
28132  
27773  
27316  
26774  
26159  
25480  
24744  
23957  
Tab le  6b . - -F ree  A i r  Convec t ion  Leve l ,  16 ,000  f ee t  mean  sea  l eve l  
Bu  i 1dup  Index  
10  35  60  85  1  10  135  160  185  210  235  
3514  8129  101  15  11398  12347  13102  13728  14263  14730  15144  
11967  16582  18567  19850  20800  21555  22181  22715  23182  23597  
14189  18804  20790  22073  23022  23777  24403  24938  25405  25819  
15386  20001  21937  23270  24220  24974  25600  26135  26602  27016  
16052  20667  226 :53  23936  24886  25640  26266  26801  27268  27682  
16380  20995  22930  24263  25213  25968  26594  27128  27595  28010  
16466  21081  23067  24350  25300  26054  26680  27215  27682  28096  
16370  20985  22971  24254  25204  25958  26584  27119  27586  28000  
16129  20745  22730  24013  24963  25718  26343  26878  27345  27700  
15771  20386  22371  23655  24604  25359  25985  26520  26987  27401  
15313  19928  21914  23197  24147  24901  25527  26062  26529  26943  
14771  19386  21372  22655  23605  24359  24985  25520  25987  26401  
14156  18771  20757  22040  22990  23744  24370  24905  25372  25786  
13477  18092  20078  21361  22311  23065  23691  24226  24693  25107  
12741  17356  193^2  20625  21575  22329  22955  23490  23957  24372  
11955  16570  18555  19838  20788  21543  22169  22703  23170  23585  
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Example  o f  the  Use  o f  the  Ho l l and  P lume  R ise  Equa t ion  
where  C2  =  5  x  10"^  
For  M i l l e r  Creek  un i t  N -4 :  
H  =  10 ,500  f ee t  =  3 ,200  mete rs  
u  =  w ind  =  2 .6^  mete rs /second  
W =  l \ k  fee t  pe r  m inu te  =  1 .086  mete rs /second  
r  =  201  mete rs  
So lv ing  fo r  B  ( the  d imens ion less  buoyancy )  
3 , 200  =  ( 2 ) ( 201 )  I  1 .0861  1 .5  +  ( 5  X  10 -3 ) (B ) (201 )  
S ince  a  va lue  o f  B  g rea te r  than  1 .0  requ i res  an  i n f i en te ly  h igh  
smoke  t empera tu re ,  th is  i s  an  inva l id  resu l t ,  i nd ica t ing  an  e r ro r  i n  the  
emp i r i ca l  equa t ion .  
as  mod  i  ,  ,  i comes:  
H  =  2 r  W ( 1 . 5 +  C2pBr )  
u  
B  =  5 .797  
^^Lowry ,  op .  c i t .  
